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Description 

Background of the invention 
Reld of the invention 

The invention relates generally to separations 
and catalytic chemical reactions conducted in the 
gas or vapour phase. Some particular applica- 
tions include gas separation or purification com- 
bined with waste heat recovery, generation of 
already compressed and preheated oxygen for 
combustion, natural gas purification and com- 
pression, hydrogen isotope separation, ammonia 
or methanol synthesis, and steam reforming of 
methane. 

Prior art 

Gas separation by pressure swing adsorption is 
achieved by cyclic flow of a gas mixture over en 
adsorbent bed which more readily adsorbs a 
fraction of the mixture. The term "swings" refers 
to periodic variations of pressure. The total 
pressure, i.e. sum of partial pressures of the 
gases, is elevated during intervals of flow in a first 
direction and is reduced during alternating inter- 
vals of flow in the reverse direction. According to 
the well known parametric pumping separation 
principle, the less readily adsorbed fraction tends 
to migrate in the first direction over complete 
cycles while the more readily adsorbed fraction 
tends to migrate in the reverse direction. 

The conventional process for gas separation by 
pressure swing adsorption uses two or more 
adsorbent beds with directional valving to control 
the flow of compressed feed gas over each bed In 
alternating sequence, while the other bed is 
purged at low pressure by the reverse flow of a 
portion of the product gas. This conventional 
process makes inefficient use of mechanical 
energy, because the compression energy of the 
feed gas is largely dissipated over the valves. 
Another common name for pressure swing 
adsorption gas separation is "heatiess adsorp- 
tion", which seems to deny the possibility of a 
beneficial effect by thermal coupling to heat 
sources or heat sinks to improve pressure swing 
adsorption apparatus as disclosed In the present 
invention. 

Conventional gas separation processes 
(including pressure swing adsorption, cryogenic 
distillation and membrane permeation) are 
powered by mechanical energy. The energy 
intensiveness of air separation is a major obstacle 
to widen use of enriched oxygen in high tempera- 
ture processes such as solid fuel gasification. An 
efficient air separation process powered by wests 
heat would address this need. 

Some secondary and adverse thermal effects 
do arise in operation of conventional pressure 
swing adsorption gas separation apparatus, par- 
ticularly those using large adsorption beds with 
poor heat exhange to ambient The adverse 
effects Include cyclic release and take-up of the 
latent heat of adsorption which causes a tempera- 
ture swing of the adsorbent bed which acta In 
opposition to the pressure swing. Adsorption is 



increased by higher pressure and/or reduced 
temperature! and conversely is decreased by 
lower pressure and/or higher temperatures. 
Examples of single bed pressure swing adsorp- 

6 tion devices are found in U.S. Pet No. 3,121325 
(Broughton), U.S. Pet No. 3,164,454 (Wilson), 
U.S. Pat No. 3,236,028 (Rutan), U.S. Pat No. 
4,169,715 (Eriksson), U.S. Pat No. 4,194,892 
(Jones et al), U.S. Pat No. 4,207,084 (Gardner), 

10 and U.S. Pat No. 4,354,859 (Keller et al). Most of 
the above references use mechanical volume 
displacement means at one or both ends of the 
adsorbent bed to generate cyclic flow and 
pressure variations in the bed. The Keller patent 

is uses mechanical volume displacement means at 
both ends of the adsorbent bed, with a specified 
range of phase angles between the two volume 
displacement means of unequal displacement 
None of these references contemplates the integ- 

20 ral coupling of a pressure swing adsorption pro- 
cess with a regenerative thermal power or heat 
pump cycle as in the present invention. 

A temperature swing adsorption separation 
process known as "recuperative parametric 

25 pumping" was described by Wilhelm (R. H 
Wilhelm, A. W. Rice and A. R. Bendelius, Ind. Eng. 
Chem, Fundamentals 6, 141, (1966) with applica- 
tions to liquid phase separation. A fluid mixture 
was made to flow cyclically in forward and 

30 reverse directions in an adsorbent bed with an 
Imposed thermal gradient between hot and cold 
ends. The heat capacity of the fluid mixture was 
large with respect to the heat capacity of the 
adsorbent material, in order to obtain thermal 

96 cycling of each adsorbent pellet 

The present invention can be considered as 
subjecting a flow of a gas mixture to e Stirling 
cycle or other thermodynamic regenerative cycle 
which has been chenged to operate as en open 

40 cycle to perform thermally coupled pressure 
swing adsorption separations. This contrasts with 
a conventional Stirling cycle machine which has a 
closed working volume filled with a gaseous 
working fluid. The working volume Includes hot 

4s and cold spaces, whose voume is varied by 
mechanical volume displacement means recipro- 
cating out of phase. A thermal regenerator is In 
the flow path connecting the hot and cold spaces. 
In a conventional Stirling machine heat capacity 

so of the working fluid is desirably very low with 
respect to the heat capacity of the regenerator 
materials so that the temperature swing at each 
point of the regenerator will be minimal. This 
temperature swing of the regenerator results In 

bs non-isothermal conditions in the regenerator and 
is an unavoidable source of inefficiency in con- 
ventional Stirling type machine. 

The out of phase reciprocation of the volume 
displacement means causes cyclic flow of the 

so working fluid through the regenerator. Cyclic 
pressure variations are associated with alterna- 
tive heating or cooling of gas flowing respectively 
into the hot or cold spaces, and with variations of 
total working volume. If volume changes in the 

as hot space have a leading phase with respect to 
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volume changes In the cold space, the Stirling 
machine Is an engine. Conversely, the Stirling 
machine is a heat pump or refrigerator when 
volume changes In the hot space lag volume 
changes In the cold space. Related machines 
include thermocompressors, Vuilleumier 
thermally powered refrigeration machines, and 
Gifford-McMahon pressure powered refrigeration 
machines. 

In Stirling type machines operated as cryogenic 
refrigerators, performance deteriorates at very 
low temperatures where the heat capacity of 
regenerator materials ceases to be very large 
relative to the heat capacity of the helium gas 
working fluid. As disclosed In U.S Patent 
3,262,277 (Nesbitt), a solid adsorbent material can 
improve performance of thermal regenerators 
operating below 20 degrees K, as the effective 
heat capacity Is Increased by the presence of 
adsorbed helium in the regenerator material. 
Under the steady state operating conditions 
envisaged by Nesbitt, the adsorbed helium phase 
is essentially static, contrary to the requirements 
of a gas separation or purification process. Signi- 
ficant rates of cyclic adsorption and desorption 
would entail corresponding release and take-up 
of a latent heat of adsorption, degrading 
regenerator thermal performance in a Stirling 
type refrigerator. Successful operation of the 
Nesbitt patent depends on suppression of cyclic 
pressure swing adsorption and desorption 
through substantial cancellation by opposing 
temperature swing effects over the adsorbent in 
the regenerator, and probably also through 
capillary condensation of liquid helium In adsor- 
bent pores which causes known pressure hys- 
teresis effects inhibiting desorption from pores 
filled with liquid adsorbate. High speed operation 
may also tend to suppress cyclic adsorption and 
desorption. 

Use of rapidly dissociating gases such as nitro- 
gen tetroxide as working fluid in Brayton and 
Stirling closed cycle engines Is proposed in U.S. 
Patent No. 3,370,420 (Johnson). The dissociation/ 
recombination reaction increases gas volume in 
the hot space and thus improves engine work 
ratio. Use of a catalyst in the regenerator of a 
Stirling engine using a dissociated gas working 
fluid has been proposed In U.S. Pat No. 3371,179 
(Bland) with the object of obtaining enhanced 
reaction rates in closed cycle Stirling engines with 
high work ratio. In these Inventions, the forward 
reaction is exactly cancelled by the reverse reao- 
ton over each cycle because reaction products are 
trapped In the engine spaces. As there is no 
means to drive the reaction off equilibrium, these 
Inventions cannot be applied to chemical syn- 
thesis processes. Therefore it has not hitherto 
been possible to apply the dosed Stirling cycle to 
recover heat from exothermic chemical synthesis 
reactions, or to supply heat for endothermie 
reactions, while using the reacting gases as the 
Stirling machine working fluid. 

Fundamental problems In chemical process 
industry include the removal of reaction product 



species and exothermic reaction heat from cata- 
lyst beds. High temperatures promote good reac- 
tion rates, but shift the equilibrium of an exother- 
mic reaction toward lower conversion. These 
5 problems and their conventional solutions are 
exemplified by the important chemical process of 
ammonia synthesis, which proceeds by the 
exothermic reaction:— 

to 3H 3 +Ns*v2NH, 

This reaction takes place over a promoted iron 
catalyst at a typical pressure of 200 atmospheres 
and a typical temperature of 750 degrees K. The 

is hydrogen and nitrogen feed gases are stringently 
purified (apart from minor amounts of "inert" 
gases such as argon and methane, which are non- 
reactive In the ammonia synthesis loop, and are 
compressed to the high working pressure. In 

20 order to remove the product and thus drive the 
synthesis reaction over the catalyst bed off equi- 
librium, the gas mixture of reagents and pro- 
duced ammonia is recirculated between the hot 
catalyst bed end a cool ammonia separator/con- 

26 denser. This recirculation requires a recycle com- 
pressor end a recuperative heat exchanger. To 
prevent excessive catalyst heating from the 
exothermic reaction, temperature control is 
achieved either by energy Inefficient quenching 

x by injection of cool feed gas, or by heat exchange 
to an external waste heat recovery power cycle. A 
Brayton cycle gaa turbine heat recovery approach 
for ammonia synthesis is disclosed in U.S. Pat 
No. 4,224,299 (Barbet et al) and U.S. Pat No. 

SB 4,273,743 (Barber et ai). Unless the synthesis loop 
operates at very high pressure, e refrigeration 
plant is needed to condense liquid ammonia at 
the cool end of the synthesis loop. Means are 
provided for purging accumulated inerts from the 

40 loop, and valuable hydrogen from the purge gas. 
Considerable research attention has been 
devoted to improving productivity or selectivity of 
catalytic chemical reactors through cyclic oper- 
ation forced by periodic variation of feed com- 

46 position or temperature cycling. For example, it 
was found by (A. K. Jain, Ph.D. Thesis, University 
of Waterloo Ontario) that forced feed composition 
cycling at periods of several minutes Improved 
the productivity of the emmonla synthesis reac- 

60 tion. However operation of the ethylene hydro- 
genation reaction over a nickel catalyst with 
pulsating pressure and flow was tested by Baiker 
et al (A. Baiker and W. RIcharz, Chem.lng.Tech 48, 
1203, (1976)), who found that catalyst productivity 

65 was reduced relative to steady state operation. 
While It has been shown that In many cases cyclic 
operation can improve reaction productivity or 
selectivity under laboratory conditions, there 
remains a need for full scale reactors capable of 

oo beneficially exploiting e wide range of periodic 
phenomena which may be based on cyclic com- 
position, temperature, flow or pressure vari- 
ations. 

Chromatographic effects have been found to 
$6 enable some catalytic reactions to be driven 
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beyond normal equilibrium constraints, when the 
reverse reaction is suppressed by opposite 
separation of products species as pulses of a feed 
reactant migrate through a catalyst bed In the 
presence of a continuously flowing carrier gas, 
which may be a second reactant Chromatog- 
raphic reactors are disclosed In U.S. Pat No. 
2,976,132 (Dinwiddle and Morgan) and in Cana- 
dian Pat No. 631382 (Magee). It was found by 
Unger and Rinker (B. Unger and R. Rinker, lnd.E- 
ng.Chem., Fundam; 75,226 (1976)) that ammonia 
synthesis could be conducted to high conversions 
beyond equilibrium at relatively low pressure by 
pulsing nitrogen, with hydrogen as the carrier, 
through a packed bed of catalyst mixed with 
adsorbent These chromatographic reactors have 
severe limitations. Including low catalyst produc- 
tivity because of the interval between feed pulses, 
and the mixing of dilute product species in the 
carrier gas. 

Closed cycle Stirling machines have been 
developed strictly as devices for conversion 
between thermal and mechanical forms of 
energy. The complex internal regime in which 
pressure, temperature and velocity vary con- 
tinuously with time and location in Stirling 
machines has not previously been found useful 
for gas separations or chemical synthesis 
between components of the working fluid as 
taught In the present invention. 

Summary of the invention 

The invention reduces the difficulties and dis- 
advantages of the prior art by providing a process 
and apparatus for gas separation, and also for gas 
phase chemical reactions which improves the 
yield of such reactions and simultaneously can 
also reduce energy consumption and complexity 
of such prior art processes. Furthermore, the 
invention utilizes a relatively simple apparatus In 
which mechanical valving for gas flow, heat 
transfer processes, and throttling of high pressure 
gases to low pressure are reduced considerably, 
thus simplifying construction and maintenance of 
such plants. Furthermore, the invention utilizes 
the well known Stirling cycle, or a similar 
regenerative, thermodynamic cycle, for use with 
these gas separations and synthesis, which haa 
been found to provide desirable flow and 
pressure characteristics over an adsorbent bed. 
Furthermore the Invention utilizes the tempera- 
ture gradient found in a Stirling cycle machine to 
enhance gas separations. 

The Invention may be considered as modifying 
a gas separation process using pressure swings 
over an adsorbent bed, which has been modified 
by superimposing on the bed a thermal 
regenerator subjected to a temperature gradient 
or thermal gradient from a Stirling cycle machine. 
Alternatively, the process may be considered as 
modifying an existing Stirling cycle machine by 
providing, In cooperation with the thermal 
regenerator of the Stirling cycle machine, an 
adsorbent bed which adsorbs one or more of the 
gas components within the Stirling cycle, which 



has been further modified to incorporate inlet and 
outlet means to admit and to exhaust gas from 
the normally closed Stirling cycle. 
US-Ar-4,354,859, for example, discloses a 

s device and method according to the preamble of 
the independent claims. 

According to a first aspect of the Invention, 
there is provided a process for separating com- 
ponents of a gas mixture containing a first com- 

10 ponent which is more readily adsorbed end a 
second component which is less readily adsorbed 
by an adsorbent material, the process including 
the steps of: 
Introducing the gas mixture into 8 working 

is volume having a flow path containing the adsor- 
bent material within an adsorbent bed; 

cyclically reversing direction of flow of the gas 
mixture along the flow path so that direction of 
the flow alternates between opposite ends of the 

20 flow path, cyclically varying the total pressure of 
the gas mixture between upper and lower 
pressure limits within the working volume; 

simultaneously coordinating a phase relation- 
ship between the cyclic pressure variations and 

26 the cyclic flow reversals relative to the adsorbent 
bed such that the first component is preferentially 
adsorbed and immobilized by Increased pressure 
on the adsorbent bed when the gas flows In one 
direction, end the first component Is preferentially 

90 desorbed when the pressure is decreased and the 
flow is reversed; 

removing from adjacent one end of the adsor- 
bent bed a first gaa fraction enriched In the first 
component, and removing from adjacent the 

» opposite end of the adsorbent bed a second gas 
fraction depleted in the first component; 

providing in the flow path first and second 
spaces disposed adjacent opposite ends of the 
regenerator combination, the spaces being at 

40 different temperatures to expose the regenerator 
combination to a thermal gradient; end 

pawing the flow of gas through the spaces In 
series with the regenerator; the process being 
characterised by: 

45 providing In the flow path a thermal 
regenerator to cooperate with the adsorbent bed 
to produce an adsorbent/regenerator combina- 
tion; 

passing through the adsorbent/regenerator 
so combination the flow which passes along the flow 
path; and 

generating the cyclic pressure variations and 
the cyclic flow reversals by first cyclic gas volume 
displacements associated with the first space and 
ss by second cyclic gas volume displacements asso- 
ciated with the second space, such that the first 
cyclic gas volume displacements have a leading 
phase angle with respect to the second cyclic ges 
volume displacements, so as to subject the gaa 
so flow to cyclical reversals of temperature, together 
with the cyclical reversals of pressure and direc- 
tion flow, so ss to facilitate separation of the gas 
into the first and second fractions, and achieve 
conversion between thermal energy and com- 
er presslon energy in the gaa mixture. 
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According to a second aspect of the Invention, 
there is provided a process of operating a modified 
Stirling cycle machine wherein an internal working 
volume containing a gas has a flow path contain- 
ing first and second spaces and a thermal 5 
regenerator disposed between the spaces, the first 
and second spaces being at different temperatures 
to expose the regenerator to a thermal gradient 
the process including the steps of: 
y cyclically reversing direction of flow of the gas to 

along the flow path so that direction of flow 
alternates between opposite ends of the flow path; 
and 

cyclically varying pressure of the gas between 
upper and lower pressure limits within the work- is 
ing volume so that a phase relationship exists 
between the cyclic pressure variations and cyclic 
flow reversals relative to the thermal regenerator, 
the process being characterized by: 

(a) providing between the spaces an adsorbent 20 
bed containing adsorbent material to cooperate 

with the thermal regenerator to produce an adsor- 
bent/regenerator combination; 

(b) introducing into the working volume a gas 
mixture containing a first component which is 25 
more readily adsorbed by the adsorbent material, 

and a second component which Is less readily 
adsorbed by the adsorbent material; 

(c) generating the cyclic pressure venations and 

the cyclic flow reversals by first cyclic gas. volume so 
displacements associated with the first space and 
by second cyclic gas volume displacements asso- 
ciated with the second space such that the first 
cyclic gas volume displacements have a leading 
phase angle with respect to the second cyclic gas ss 
volume displacements; 

(d) simultaneously when coordinating the phase 
relationship between the cyclic pressure vari- 
ations and the cyclic flow reversals relative to the 
regenerator combination, preferentially adsorbing 40 
and Immobilising the first component on the 
combination bed by increased pressure when the 

gas flows in one direction, and preferentially 
desorbing the first component by decreasing the 
pressure when the flow direction is reversed; and 4S 

(e) removing from one end of the regenerator 
combination a first gas fraction enriched in the first 
component and removing from the opposite end 
of the regenerator combination a second gas 
fraction depleted In the first component thereby so 
also achieving conversion between thermal 
energy and compression energy in the gas mix- 
ture. 

According to a third aspect of the invention! 
there is provided an apparatus for separating ss 
components of a gas mixture containing a first 
component which is more readily adsorbed and a 
second component which is less readily adsorbed 
by an adsorbent material, the apparatus Including 
a body having an internal working volume having so 
first and second spaces, a flow path Inter-connect- 
ing the first and second spaces, and an adsorbent 
bed containing the adsorbent materiel and pro- 
vided in the flow path between the spaces, inlet 
means to admit gas mixture into the working ss 



volume, and outlet means to discharge gas from 
adjacent opposite ends of the adsorbent bed, 
volume displacement means associated with the 
first and second spaces, reciprocating means 
cooperating with the volu me displacement means 
so as to produce cyclic variations in total pressure 
and cyclic reversals in direction of flow of the gas, 
the reciprocating means determining a phase 
relationship between the cyclic variations of 
pressure In the gas and and directions of flow of 
the gas over the adsorbent bed, so that flow under 
reduced pressure past the adsorbent bed towards 
one space is enriched in the first more readily 
adsorbed component while reverse flow under 
Increased pressure past the adsorbent bed 
towards the opposite space is depleted in the first 
more readily adsorbed component the apparatus 
being further characterised by: 

(a) a thermal regenerator cooperating with the 
adsorbent bed to produce an adsorbent/ 
regenerator combination provided in theflow path 
between the spaces to receive flow which passes 
along the flow path, 

(b) means for maintaining the first and second 
spaces at different temperatures to expose the 
regenerator combination to a thermal gradient «o 
as to subject the gas flow to cyclical reversals of 
temperature together with the cyclical reversals of 
pressure and direction of flow so as to facilitate 
separation of the gas mixture into a first gas 
fraction enriched in the first component and a 
second gas fraction enriched in the second com- 
ponent 

(c) the reciprocating means cooperating with the 
first and second volume displacement means so 
that the displacement means reciprocate at the 
same frequency, and the volume of gas displayed 
by the first volume displacement means leads the 
volume of gas displaced by the second volume 
displacement means by a phase angle of between 
zero degrees and 180 degrees. 

According to a fourth aspect of the invention, 
there is provided an apparatus which resembles e 
modified Stirling cycle machine, the apparatus 
Including a body having en internal working 
volume having first and second spaces, a flow path 
for gas inter-connecting the first end second 
spaces, e thermal regenerator provided in theflow 
path between the first and second spaces, the first 
end second spaces being at different temperatures 
to expose the regenerator to a thermal gradient 
first and second volume displacement means 
communicating with the first end second spaces 
respectively, reciprocating means cooperating 
with the first and second volume displacement 
means so that the first and second volume die- 
placement means reciprocate et the same fre- 
quency to produce cyclic variations In total 
pressure and In direction of flow of the gas, the 
reciprocating means determining phase angle 
between cyclic variations of pressure in the gas 
and flow directions of the gas over the 
regenerator, the apparatus being characterized 
by: 

(a) an adsorbent bed containing adsorbent 
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material cooperating with the thermal regenerator 
to produce an adsorbent/regenerator combination 
disposed between the first and second spaces, 

(b) the gas being a gas mixture containing a first 
component which Is more readily adsorbed and a 
second component which is less readily adsorbed 
by the adsorbent material, 

(c) inlet means to admit the gas mixture into the 
working volume, and outlet means to discharge 
gas fractions from opposite ends of' the 
regenerator combination, 

(d) the reciprocating means subjecting the gas 
flow to cyclical reversals of pressure and direction 
flow so that flow under decreased pressure of a 
first g as fraction past the regenerator combination 
towards one space is enriched In the first more 
readily adsorbed component and is discharge 
through one outlet means, and flow under 
Increased pressure of a second gas fraction past 
the regenerator combination towards the remain- 
ing space is depleted in the first more readily 
adsorbed component* and the second gas fraction 
is removed through another outlet means, 

(e) the reciprocating means cooperating with the 
first and second volume displacement means so 
that the displacement means reciprocate at the 
same frequency, and the volume of gas displaced 
by the first volume displacement means leads the 
volume of gas displaced by the second volume 
displacement means by a phase angle of between 
zero degrees end 180 degrees. 

Gas enriched in more readily adsorbed gas 
component(s) and heat at one temperature are 
delivered at one end of the regenerator combina- 
tion, while gas enriched In less readily adsorbed 
components) is delivered to the other end of the 
regenerator combination which accepts heat at 
anothertemperature. Net transport of heat and the 
more readily adsorbed gas components are in the 
same direction, while less readily adsorbed gas 
component(s) are transported in a reverse direc- 
tion. Some conversion between heat and mechan- 
ical or compression energy is achieved. 

The Stirling type machine of the present Inven- 
tion can operate either as a thermally powered 
engine, or as a heat pump or refrigerator. When 
operating as an engine It may deliver useful 
mechanical or compression work in addition to 
performing a gas separation. When operating as a 
heat pump or refrigerator, it may perform useful 
heating or cooling functions in addition to the gas 
separation function. 

As stated previously, in the conventional Stirling 
engine there is an unavoidable source of ineffi- 
ciency due to non-isothermal conditions at each 
point of the thermal regenerator. This results in 
temperature swings of the conventional thermal 
regenerator which are reduced or eliminated in the 
engine embodiment of the present invention 
where the heat of adsorption released, (or heat of 
desorption taken up), contributes to more nearly 
Isothermal conditions at each point In the 
regenerator bed. This Is because cyclic heat 
generation will oppose the normal temperature 
swing that would arise in conventional Stirling 



engine regenerators. This is a unique advantage of 
the Invention in the engine embodiment but not in 
the heat pump and refrigerator embodiment this 
advantage is not found, end steps ere taken to 

5 reduce undesirable temperature swings in these 
other embodiments. 

The present invention also applies to gas phase 
reactions, many of which are enhanced by use of a 
catalyst. In the case of an exothermic reaction, the 

to heat of reaction assists in driving the Stirling 
engine internally. Alternatively enough heat may 
be supplied to a Stirling engine to drive both the 
engine and the reaction. In the case of en endother- 
mic reaction, the Stirling heat pump would supply 

w the heat of reaction internally. In some Instances, 
when using a catalyst catalyst productivity Is 
enhanced by pressure swing operation. Also, 
when considering secondary cyclic temperature 
and composition effects, the apparatus generates 

20 cyclic variations of pressure, flow end gss com- 
position over the catalyst and adsorbent beds, and 
thus provides great flexibility to exploit these 
variations, so as to Improve productivity, conver- 
sion and selectivity in certain catalytic reactions. 

25 In chemical gas phase reactions the Invention 
provides closed Integration of a catalytic or non- 
catalytic reactor with an adsorbent bed and the 
Stirling thermodynamic cycle. The adsorbent bed 
separates reactants and products of the chemical 

so reaction to drive the reaction toward high conver- 
sion; while the Stirling cycle removes and usefully 
converts heet from exothermic reactions or pro- 
vides heat to endothermic reactions. The exother- 
mic reactions take place in the space associated 

38 with a leading phase volume displacement while 
endothermic reactions take place in the space 
associated with the lagging phase volume die- 
placement 

A detailed disclosure following, related to 
40 accompanying drawings, describes several pre- 
ferred apparatus and methods according to the 
Invention, which ere capable of expression In 
apparatus and methods other then those particu- 
larly described and illustrated. 

46 

Description of the drawings 

Figure 1 is a simplified schematic of a Stirling 
cycle pressure swing adsorption apparatus, 
including a modification to provide a low tempera- 
60 ture pressure swing adsorption apparatus with 
Stirling cycle per refrigeration. 

Figure 2 is e simplified diagram in graph form, 
showing temperature and gas composition 
regimes adjacent an adsorbent/regenerator com- 
as bination of the Fig. 1 embodiment for a two 
component mixture and associated wavefront 

Figure 3 is a simplified temperature profile for e 
Stirling cycle engine embodiment assuming 
isothermal expansion and compression, adjacent 
so the regenerator combination of Rg. 1 embodi- 
ment 

Figure 4 is a simplified temperature profile for a 
Stirling cycle heat pump embodiment which is 
analogous to the Fig. 3 temperature profile, 
es Figure 6 la a simplified schematic of a single 
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displacer the rmocom pressor pressure swing 
adsorption apparatus, 

Rgure 6 is a simplified schematic of a thermally 
coupled pressure swing adsorption apparatus 
with two displacers, 

Rgure 7 is a simplified schematic of a gas 
separation apparatus powered by a heat source, 
with a portion of the adsorbent/regenerator com- 
bination being cooled, 

Rgure 8 is a simplified schematic of en 
improved gas synthesis apparatus based on the 
invention. 

Detailed disclosure 
Rgure 1 

A Stirling cycle machine 10 has a single acting 
power piston 1 1 reciprocating in a power cylinder 
12, and a double-acting displacer piston 13 
reciprocating in a displacer cylinder 14. The 
power cylinder encloses e variable volume 15 
sealed by a high pressure piston seal 16. 

The displacer piston 13 is driven by a displacer 
rod 17 having a cross sectional area which is 
small with respect to the cross sectional area of 
displacer cylinder 14. The displacer rod 17 is 
sealed by e high pressure gland seal 18. The 
displacer piston 13 divides the internal volume of 
displacer cylinder 14 between a variable volume 

19 adjacent the gland seal 18 and a variable 
volume 20. The variable vplume 19 is connected 
to the variable volume 15 by a conduit means 21. 
The variable volume 20 Is the expansion volume 
or the first space of the Stirling machine, while the 
sum of the variable volumes 15 and 19 is the 
compression volume or th? second space of the 
machine. The pistons 11 and 13 serve as a first 
volume displacement means and a second 
volume displacement means, respectively, which 
communicate with the first space 20, and with the 
second space (15 and 19) respectively. 

The variable volume 20 Is connected by a 
conduit means 24 to a first heat exchanger 25 
maintained at a temperature T„ which in turn is 
connected to a thermal regenerator 27 by conduit 
means 28. The variable volume 19 Is connected 
by conduit means 30 to e second heat exchanger 
32 maintained at a temperature T, which will 
often approximate ambient temperature, which In 
turn is connected to the thermal regenerator 27 by 
a conduit means 33. It is evident that gas within 
the expansion volume or first space, I.e. volume 

20 and the conduits 24 and 28 will be maintained 
approximately at temperature T v while gas within 
the compression volume or second space, i.e. 
volumes 15 and 19, and the conduits 30 and 33 
will be maintained approximately at temperature 
T s . It can be seen that a temperature or thermal 
gradient between T, end T t will be maintained 
across the regenerator 27 between the connec- 
tions to conduits 28 and 33. The volumes 15, 19 
and 20, the conduits and associated heat exchan- 
gers and the thermal regenerator provide a flow 
path of the apparatus, which has a working 
volume. While the heat exchangers 25 snd 32 are 
shown spaced from the cylinders enclosing the 



respective volumes, following conventional Stirl- 
ing cycle machine design, the heat exchangers 
could be incorporated into the cylinder walls. 
A reciprocating means 35 interconnects rods 38 

$ and 1 9 of the pistons 1 1 and 1 3 so that the pistons 
are reciprocated at the same frequency and with 
suitable phase such as that an increase (or 
decrease) of the expansion volume leads an 
increase (or decrease) of the compression 

io volume. Hence upwards motion of the displacer 
piston 13 leads upwards motion of the power 
piston 11. The Stirling machine will then operate 
to convey heat from the heat exchanger 25 to heat 
exchanger 32 i.e., there is a net transport of heat 

18 from the expansion space to the compression 
space. If T t is greater than T* first and second 
ends 41 and 42 of the regenerator are associated 
with relatively hot and relatively cold spaces 
respectively, and the machllne will function as an 

zo engine, delivering work from the power piston 1 1 • 
Conversely, If T t is greater than T t , the ends 41 
and 42 are associated with relatively cold and hot 
spaces respectively end the machine will operate 
as a heat pump or refrigerator, absorbing work 

25 from the power piston 11. 

In a conventional Stirling engine, the 
regenerator contains finely divided material with 
high heat capacity and large surface area, 
arranged to adsorb and store heat from gas 

so flowing through the regenerator with efficient 
heat transfer and low flow friction. In order to 
achieve the purposes of the invention, the 
regenerator 27 also contains fixed adsorbent 
material 34 which preferentially adsorbs a first 

SB component of a feed gas mixture relative to a less 
readily adsorbed second component, In the oper- 
ating pressure and temperature regime, both of 
which vary cyclically within the reversing flows of 
gas as will be described. 

40 Hence the regenerator includes an adsorbent 
bed of e sorbent which provides a sorption 
function, such as surface adsorption, bulk adsorp- 
tion and desorption. The adsorbent materiel may 
be mixed with non-adsorbent material, end differ- 

40 ent adsorbent materials or mixtures of material 
may be used In zones of the regenerator oper- 
ating at different temperature levels. Alterna- 
tively, ell of the material In the regenerator may 
be the adsorbent material which than also pro- 

so vides the full hest storage function. For particular 
applications as will be described with reference to 
Rgure 8, some of the adsorbent may also have 
catalytic properties with respect to reactions of 
mixing gas components. Particularly in heat 

a pump or refrigerator embodiment the heat 
capacity of the solid material must be large with 
respect to the heat capacity of the working fluid. 
The regenerator and the adsorbent bed cooperate 
to produce an adsorbent/regenerator combina- 

oo tlon but the term "regenerator", "adsorbent bed", 
and "bed" end "regenerator combination" are 
used interchangeably in this specification except 
where so stated. 
The edsorbent or catalyst bed may be a packed 

as bed of pellets, fibres or granular materiel, which 
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may be mixed with metallic material to augment 
heat capacity. Adsorbent or catalyst material may 
also be formed In monolithic blocks with multiple 
parallel flow passage, similar to well known 
honeycomb catalytic support Adsorbent or ceta- s 
lyst material also may be bonded in thin layers to 
metal supports, or to metal heat exchange sur- 
faces as down with catalytic tube wall reactors, or 
maybe a liquid retained in a matrix. Stirling 
machine regenerators use e variety of well known . io 
configurations to meet conflicting performance 
objectives of high heat capacity and large internal 
surface area with excellent heat exchange, low 
pressure drop, low dead volume and low thermal 
conductivity between hot and cold ends. To avoid is 
the pressure hysteresis problems previously 
referred to with reference to U.S. Pat No. 
3,262,277 (Nesbltt), when the present invention is 
used with vapours near their saturation pressure it 
is important that the adsorbent material is selected to 
to have a pore structure end other characteristics 
to evoid capillary condensation. 

In this invention, the working fluid in thB Stirling 
machine is a gas mixture containing a first com- 
ponent (or components) more readily adsorbed on 25 
the adsorbent 34 than remaining components) in 
the mixture. The gas mixture is admitted into the 
regenerator 27 through an inlet conduit 37 having 
an inlet valve 39 and a non-return valve 40. Rrst 
and second outlet valves 43 and 46 are provided In so 
first end second outlet conduits 45 and 48 which 
communicate with the conduits 33 and 28 respec- 
tively. 

As the pressure within the Stirling machine is 
relatively elevated while the gas mixture in the iff 
regenerator 27 Is flowing toward conduit 28, i.e. 
towards the expansion volume, the first com- 
ponent of the mixture will be preferentially 
adsorbed at that time. The pressure Is reduced 
while the gas mixture in regenerator 27 is flowing m 
toward conduit 33 l.e. towards the compression 
volume, so the first component will be paremetri- 
cslly pumped to the compression space. A first gas 
fraction or product enriched in the first component 
will be withdrawn from the conduit 33 through the 45 
outlet valve 43 adjacent the end 42 of the bed, 
while a second gas fraction or product depleted In 
the first component will be withdrawn from the 
conduit 28 through the outlet valve 46 adjacent the 
opposite end 41 of the bed. Optional heat recovery so 
from the second gas fraction to the regenerator 27 
can be achieved by a heat exchanger 60 
cooperating with the conduit 4a 

In many gas purification applications, tt will be 
desirable to introduce the feed gas mixture mid- 55 
way through the regenerator 27 as shown. The 
feed gas conducted from the inlet valve 39 passes 
through a heat exchanger 52 in the regenerator 27 
through the non-return valve 40 et the desired 
point of feed Injection 54. The preferred locations so 
of the outlet valve 43 end the non-return valve 40 
are chosen to minimize the total internal dead 
volume of the Stirling machine. 

if the valves 43 and 46 are directional valves with 
minimal pressure drop when open, they should 95 



each be open only when the pressure Is essentially 
balanced across internal and external conduits, as 
otherwise the machine could not operate end 
develop pressure swings. Subject to the above 
restriction, the velves can In general be operated in 
batch, semi-batch or continuous separation 
modes according to application requirements and 
performance optimization. If valves 43 or 46 are 
opened during intervals of high pressure, the 
machine will deliver eome work in compression of 
the corresponding gas stream but with a corre- 
sponding reduction in mechanical work output 

Valve control meens 57 is provided to control the 
properly sequenced Introduction of feed gee and 
removal of product gas fractions from the 
apparatus. The velve control meens 57, through 
suitable undesignated connections shown as 
broken lines, and sensors if needed, may be 
programmed to open the valves 43 and 46 only 
when desired gas concentration levels have been 
reached in conduits 33 and 28 respectively. 

The first product fraction delivered from the 
apparatus will be mostly highly enriched in the 
first component if the outlet valve 43 is opened at 
intervals of minimum cycle pressure. Similarly, 
the second product fraction will be most highly 
depleted in the first component if the outlet valve 
46 is opened at intervals of maximum cycle 
pressure. Hence the outlet velve 46 may be a 
simple non-return velve, with control provided by 
externa) regulation of pressure in the outlet con- 
duit 48. The Inlet velve 39 may also be a simple 
non-return velve, with control provided by Internal 
regulation of pressure in the Inlet conduit 37. The 
outlet valve 43 may be operated mechanically in 
fixed phase with the piston means to open during 
Intervals of minimum cycle pressure, with control 
of flow rate provided by external regulation of 
pressure in the outlet conduit 45. 

Injection of feed gas midway in the regenerator 
can facilitate high purification of both first end 
second components. According to the value of the 
two components end the degree of separation 
desired, it may be more convenient to inject the 
feed ges mixture adjacent the expenslon volume 
in some applications (1.** air dehydration), or 
adjacent the compression volume In other applica- 
tions (i.e., oxygen separation from air without 
nitrogen production). 

The basic parameters of e Stirling cycle machine 
include: 

(1 ) the ratio of ebsolute temperatures T t and T s ; 

(2) the ratio of volumetric displacement in 
compression and expenslon volumes; 

(3) the phase angle by which net volume die* 
placements in the expansion volume leed volume 
displacements in compression volume (Oto 180*); 

(4) the ratio of total dead volume within the 
working volume to displacement volume. Note 
that deed volume includes clearance space in 
cylinders, conduits, regenerator voidage, end 
adsorbent porosity. 

The above parameters may be varied over wide 
limits. They determine critical operating charac- 
teristics, including: 
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(a) the ratio of maximum pressure to minimum 
pressure inside the machine; 

(b) the phase relationship between gas flow 
velocities and pressure at each point In the 
regenerator; 

(c) the ratio of each cyclic distance travelled by 
gas particles in the regenerator to length of the 
regenerator. 

It will be noted that the reciprocating means 35 
or piston drive mechanism of the Figure 1 Stirling 
machine has not been described In detail. Numer- 
ous Stirling machine crank mechanisms and also 
free piston configurations are known In the prior 
art, and may be used in conjunction with this 
invention. Likewise, numerous alternative 
arrangements of compression and expansion 
volume displacement means are known such as 
diaphragms or liquid pistons. The power and 
displacer pistons may occupy a single cylinder. 
Separate compression and expansion cylinders 
may provide the equivalent function of power and 
displacer cylinders. Compression and expansion 
cylinders may be compounded In multi-cylinder 
double-acting Stirling machines. Also, the 
regenerator may be installed inside the displacer 
piston of displacer type machines. For purposes 
of this invention, the above and other prior art 
Stirling machines configurations are equivalent 

While the Stirling cycle manifestly Icorporates 
cyclic changes In both pressure and gas velocity, 
it is not immediately evident that a favourable 
regime for pressure swing adsorptive separation 
is in fact available. A general theoretical founda- 
tion for the present invention is found in a 
theorem (based on an ideal Stirling machine with 
isothermal expansion and compression, perfect 
heat exchange and no friction) correlating flow 
direction of any point of the regenerator with the 
pressure extremes. At the cycle pressure maxi- 
mum, the direction of flow will be from the 
compression volume toward the expansion 
volume at all points in the regenerator. At the 
cycle pressure minimum, the flow direction Is 
from the expansion volume to the compression 
volume. This theorem is valid for the ideal Stirling 
cycle machine for all possible parameters of 
temperature ratio, volume displacement ratio, 
displacement phase angle and dead volume ratio. 
Consequently net heat I.e. heat transported over a 
complete cycle, and the preferentially adsorbed 
gas component will be transported toward the 
compression volume or second space In the 
present invention, while the less readily adsorbed 
gas component will be transported toward the 
expansion volume or first space, the relationship 
of the volumes or spaces being determined by the 
phase relationship as described. 

Operation 

As stated previously, the Stirling cycle machine 
10 can operate either as an engine producing net 
work from the power piston 11, and/or a portion 
of compression work from the gases discharged 
from the regenerator. Alternatively it can function 
as a heat pump or refrigerator, absorbing work 



from the piston 11. When operating In either 
mode as above, the reciprocating means 36 coor- 
dinates the phase relationship between the cydlc 
pressure variations and the cyclic flow reversals 
5 relative to the adsorbent bed so that the volume 
of gas displaced by the displacer piston 13, the 
first volume displacement means, leads the 
volume of gas displaced by the power piston 11, 
the second volume displacement means. Hence, 
to . the volume displacement means coordinates the 
phase relationship between the pressure and flow 
reversals such that cyclic gaa volume displace- 
ments adjacent the first space or the first end 41 
of the bed have e leading displacement phase 
is angle with respect to cyclic gas volume displace- 
ments adjacent the second space or opposite 
second end 42 of the bed. This produces the cyclic 
variations in total pressure and cyclic reversals In 
direction of flow over the bed so that flow of a first 
20 gas fraction under reduced pressure past the bed 
towards one end of the bed or flow path is 
enriched in the first more readily adsorbed com- 
ponent while reverse flow of a second gas frac- 
tion under increased pressure past the bed 
25 towards the opposite end of the flow path Is 
depleted In the first more readily adsorbed com- 
ponent This is because the first component Is 
preferentially adsorbed and immobilised by 
Increased pressure on the adsorbent bed when 
90 the gas flows In one direction, and the first 
component is preferentially desorbed when the 
pressure is decreased and the flow Is reversed. 
The first gas fraction enriched in the more readily 
adsorbed first component Is removed from one 
36 end of the bed, while the second gas fraction 
enriched in the less readily adsorbed component 
is removed from the opposite end of the bed. 

Whether the apparatus Is operating either as an 
engine, a heat pump or refrigerator, the phasing 
40 of pressure and the flow cycle Is such that when 
pressure Is at the upper limit for a particular cycle 
of pressure, the direction of the bulk flow of gas is 
towards the expansion volume, that is towards 
the variable volume 20. Similarly, when pressure 
45 is at a lowermost point of its cycle, the corre- 
sponding direction of bulk flow of the gas is 
towards the compression volume, that is towards 
the variable volumes 16 and 19. Also, the Stirling 
engine or pump can be considered as a means of 
so transporting heat in a particular direction through 
a complete cycle. This is referred to as e net 
transport of heat and In the present Invention, it 
has been found that the net transport of heat 
moves In the direction of flow of the preferentially 
66 adsorbed component that Is towards the com- 
pression volume, the variable volumes 16 and 19. 

In summary, the invention has the dual function 
of transporting heat and the preferentially 
adsorbed component in one direction, while 
$o transporting the less readily adsorbed gas com- 
ponent In the reverse direction across a tempera- 
ture or thermal gradient If the heat is transported 
in the direction of the lower temperature, the 
apparatus functions as an engine. If the heat is 
66 transported In the direction of the higher 
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temperature, the apparatus is a pump or a 
refrigerator. The process also includes removing 
the second gas fraction depleted in the preferen- 
tially adsorbed component from the working 
volume at a time when pressure is approximately 
at its maximum for the cycle, and removing the 
first gas fraction enriched in the more readily 
adsorbed component when pressure is approxi- 
mately at a minimum for the cycle. The first gas 
fraction enriched In the first component is 
removed from the second end of the regenerator 
combination adjacent the second space. The 
second gas fraction depleted In the first com- 
ponent is removed from the first end of the 
regenerator combination adjacent the first space. 

In practice the effective adsorbent selectivity 
may be modified by kinetic rate effects, in cases 
where equilibrium selectivity dominates, prefer- 
ably pressure variations should be closely in 
phase with velocity variations over the adsorbent. 
In the Idealized case of isothermal expansion and 
compression processes in the regenerator/adsor- 
bent bed, perfect heet transfer, no friction effects, 
low pressure ratios and a phase angle of about 90 
degrees, an important relationship between 
temperature ratios and displacement ratios Is 
found as follows. The first and second volume 
displacement means, namely the dlsplacer piston 
13 and the power piston 11 respectively have 
respective amplitudes of reciprocation and are 
associated with the first end second spaces 
respectively. The ratio of amplitudes of the die- 
placements, of the first and second volume die* 
placement means is approximately equal to the 
ratio of the higher temperature to the lower 
temperature at opposite ends of the thermal 
regenerator, when the temperatures are 
expressed in degrees Kelvin. Since flows In differ- 
ent portions of a Stirling engine regenerator are 
not in phase because of compressibility effects, 
the optimum phase of the pressure swings will be 
sensitive to the distribution of the adsorbent In 
the regenerator. In cases where adsorbent selec- 
tivity Is strongly affected by rate effects, sub- 
stantially different phase relationships may offer 
best performance. It should be noted that some 
phase shift will be caused by wave propagation 
delays In pores of the adsorbent and that these 
effects may be substantial at higher operating 
speeds depending on adsorbent structure. At 
excessively high speeds, ges separation will be 
Impaired. 

Adsorbent working capacity and selectivity will 
generally be improved by higher cycle pressure 
ratios. The Stirling cycle pressure ratio is sensitive 
to the phase sngle and amplitude ratio of volume 
displacements, the temperature ratio expressed 
in degrees Kelvin, the ratio of dead volume to 
displacement volume and in this invention to the 
adsorbent working capacity. Pressure ratio is 
higher for smaller phase angles between expan- 
sion and compression displacements, for lower 
ratios of dead volume to displacement volume 
end for lower adsorbent working capacities. 

In the design of conventional Stirling engines, it 



is generally desired to achieve high efficiency end 
high power density, hence high operating speeds. 
Dead volume must be substantial in order that 
effective heat exchange with low flow friction 

5 losses will be achieved. The phase angle between 
compression and expansion dlsplacementa Is 
usually about 90", which favours good efficiency 
and power density. In the present Invention, 
limitations on operating speeds may be required 

;o by use of a highly porous structure and limited 
mechanical strength of common adsorbent 
materials. Hence, Stirling mschtnes designed 
according to the invention will often be relatively 
low speed machines, operating sometimes in the 

is order of a few revolutions per minute. For . 
machines delivering mechanical power, the 
phase sngle should be between 30 degrees end 
160 degrees. 

20 Figs. 2 through 4 

Major characteristics of the gas mixture within 
the thermal regenerator and adjacent the adsor- 
bent bed will now be described. 
Referring to Fig. 2, the horizontal axis of the 

25 graph represents linear position of the gas flow 
path through the adsorbent/regenerator combina- 
tion 27, 34, from adjacent the expansion volume 
or space 20 to the compression volume or space 
15, 19. The vertical axis of the graph designates 

so approximately gas composition mixture when 
expressed as mole fractions of a two component 
gas mixture. The gas mixture has a more readily 
or strong adsorbed component 68 concentrated 
towards the compression space, while the less 

35 readily or strongly adsorbed component 69 is 
concentrated towards the expansion space. A 
concentration wave front 70 exists between 
regimes of the two components and moves cycli- 
cally In the same direction es the bulk gaa flow, 

40 which is shown as an arrow 72 when the gas 
flows towards the compression space, and as an 
arrow 73 when It flows towards the expension 
space. The wave front velocity la lower than the 
bulk gas flow by an amount dependent on sdsor- 

46 bent selectivity. Ideally the wave front will move 
between extreme positions 75 and 76 shown as 
broken outlines so es to avoid "breakthrough" of 
the wave front beyond ends of the regenerator 
bed, for reasons as will be described. 

so Referring to Rg. 3, the horizontal axis of the 
graph Is identical to that in Rg. 2, and the vertical 
axis of the graph depicts temperature of the gas. 
Thus this Is e simplified temperature profile with 
T, being the temperature adjacent the expansion 

55 volume of the regenerator, end T t being the 
temperature adjacent the compression volume 
for an engine. Arrows 83 and 84 represent flow 
directions for the instances of minimum end 
meximum pressures of the cycle respectively. At 

oo the moment of minimum pressure, flow la 
towards the compression space 15, 19 per the 
arrow 83. In the conventional Stirling engine, the 
gaa would tend to warm the regenerator material 
by forced convection, creating an upward 

as temperature swing or rise as shown in broken 
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outline as 86. In the present invention, this 
temperature swing tends to increase the desorp- 
tion induced by the pressure minimum, but will 
itself be cancelled in part by cooling induced by the 
latent heat of desorption. Conversely, at the 6 
moment of maximum pressure, the flow per arrow 
84 is towards the compression space 20 and the 
adsorption induced by the pressure swing tends to 
be reinforced by a downward temperature swing 
of the bed shown as broken line 87, which ts not to 
cancelled by the latent heat of adsorption. In prior 
art Stirling engines, the temperature swing effect 
would be as shown by the broken lines 86 and 87 In 
Figure 3, which would contribute to efficiency 
losses, without the aforesaid compensating effect is 
of the invention associated with the latent heat of 
adsorption. Hence the engine embodiment of the 
present invention offers improvements both to the 
effectiveness of the adsorption process, and also 
to the cycle thermodynamic efficiency In this 20 
aspect An arrow 88 represents direction of net 
heat transport 

Figure 4 is an analogous temperature profile for 
a heat pump embodiment in which the expansion 
space 20 is at T, which Is lower than the compree- 25 
sion space 15, 19 which is at T* In a conventional 
Stirling cycle heat pump, there is an upward 
temperature swing 91 and a corresponding down- 
ward temperature swing 92, both shown In broken 
outline. The upper temperature swing now arises so 
with the maxlumum pressure flow, shown in 
direction of arrow 94, which is In opposition to the 
desired adsorption. The amplitude of the tempera- 
ture swing will be increased further by the release 
of latent heat by pressure swing induced adsorp- 35 
tion. Hence, in the heat pump embodiment the 
temperature swing is adverse to gas separation 
effectiveness and to cycle thermodynamic effi- 
ciency. It will thus be desirable to provide high heat 
capacity in the heat pump regenerator so as to 40 
minimise the actual temperature awing. The arrow 
88 again represents direction of net heat transport 

Adsorbent selectivity between the gas com- 
ponents has an effect on the operation of this 
invention. The term "preferentially" as used 45 
herein refers to a component that Is more readily 
adsorbed relative to a second component when 
the adsorbed molar concentration of the first 
species changea relatively more strongly with 
varying partial pressure of the first species, while so 
the adsorbed molar concentration of the second 
species changes relatively less strongly with vary- 
ing partial pressure of the second species. The 
above occurs within the operating regime of 
pressures, temperatures, gas compositions and 86 
cycle speeds over a particular portion of the 
adsorbent bed. This definition relates selectivity to 
the active adsorption and desorption of gas 
species under pressure swings, as opposed to the 
static capacity of the adsorbent bed under some so 
average condition. 

in the case of high adsorbent selectivity between 
gas components and/or large capacity of the 
adsorbent bed, the velocity of the concentration 
wave front will be a small fraction of the gas ss 



velocity, Then a relatively short adsorbent bed can 
achieve good separation, without "breakthrough" 
of the wave front beyond the regenerator. Break 
through would cause mixing to reduce the separa- 
tion achieved. The finite width of the concentration 
wave front must be considered in design optimiza- 
tion. 

In the case of low adsorbent selectivity between 
gas components and/or large capacity of the 
adsorbent bed, the velocity of the concentration 
wave front will more closely approach that of the 
gas velocity. Break through of the wsve front can 
be avoided or minimized by using a relatively low 
phase engle between compression and expansion 
displacements, and/or by using a relatively high 
dead volume (within the regenerator) which will 
reduce attainable pressure ratio. It may be desired 
to reduce the adsorbent capacity (for example by 
admixture with non-adsorbent material, or by use 
of thin adsorbent coatings) in order that the 
machine more closely approach the operating 
characteristics of a conventional Stirling machine, 
with ges separation as a secondary role. 

Some examples of specific applications of the 
Figure 1 embodiment are now described* 

Example No. 1 

Oxygen separation from air may be achieved 
using a zeolite such es molecular sieve 13X, which 
adsorbs nitrogen more readily than oxygen. Air is 
introduced through the inlet valve 39. An oxygen 
enriched gas fraction will be produced through the 
outlet valve 46, while a nitrogen enriched fraction 
will be produced through the outlet valve 43. If 
temperature T s Is ambient temperature end heet is 
supplied to the heat exchanger 25 such that 
temperature T t , is greater than temperature T* the 
machine is a Stirling engine which will deliver 
mechanical work after losses ere taken into 
account With the adsorbent operating at elevated 
temperatures, it will be necessary to use e rela- 
tively high mean working pressure to achieve 
edequate adsorbent loading and selectivity. Thus 
air entering Inlet valve 39 must be already com- 
pressed. 

Conversely If the heat exchanger 25 is at a lower 
than ambient temperature i.e., temperature T t is 
less than temperature T a the machine can be a 
combined refrigeration and dehydration and air 
separation plant The refrigerator will actively 
reduce temperature T, below emblem until the 
cooling load including thermal leakage Is in bal- 
ance with the machine's cooling capacity. The heat 
rejection temperature T t and the position of the 
feed injection point 54 in regenerator 27 are 
designed to ensure thet the temperature at the 
feed injection point Is above zero degrees centig- 
rade, to prevent frost formation in the regenerator. 
Then water, carbon dioxide end nitrogen will be 
concentrated toward the outlet valve 43 at the 
warmer portion of the apparatus, while oxygen 
will be concentrated to the outlet valve 46 at the 
colder end. 

In this case H will be appropriate to operate at e 
much lower mean working pressure than in the 



11 



21 



EP 0143 537 B1 



22 



case of the engine, because the adsorbent loading 
must be kept well below saturation In order to 
achieve good selectivity. Good separation may be 
achieved at temperatures between zero degrees 
centigrade and minus 76 degrees centigrade with 
air introduced to the machine at atmospheric 
pressure* 

A simple modification to the embodiment of 
Rg. 1 enables the apparatus 10 to perform 
pressure swing separations at low temperatures 
using a Stirling refrigeration cycle. The modifi- 
cation includes elimination of both the heat 
exchanger 25 cooperating with the conduits 24 
and 28, and the heat exchanger 50 within the 
regenerator. Portions of the apparatus associated 
with the expansion volume 20, the conduits 24 
and 28 and the first end 41 of the regenerator 27 
are enclosed in an insulating Jacket 60, broken 
outline, to reduce heat transfer from ambient Into 
the portion of the machine which is cold. There is 
no external refrigeration load, and heat leakage 
Into the cold portions of the machine is minimised 
by the thermal Insulation enclosure. This embodi- 
ment is particularly suitable for adsorption 
separations most effectively performed at 
reduced temperatures. Mechanical work 
expended in refrigeration to keep the expansion 
volume of the machine sufficiently cold is offset 
by reduced compression work for separation, 
where favourable adsorbent uptake and selectiv- 
ity ere achieved at low pressure and at reduced 
temperatures. The low temperature T t is attained 
in conduits 24 and 28 and adjacent spaces and 
can be used for various separations, one example 
of which Is shown below. 

Example No. 2 

if the working fluid Is air, the modified machine 
will deliver cold oxygen enriched air through the 
outlet valve 46, and this will represent the cooling 
load. If the adsorbent hes no selectivity for 
oxygen and nitrogen separation, but strongly 
adsorbs water, the mechine delivers cold dehy- 
drated air and may be used as a frost-free air cycle 
refrigerator. 

This apparatus is evidently suitable for many 
gas or vapour phase separations, including all the 
present applications of conventional pressure 
swing adsorption. The gas separation process is 
conducted in a combined cycle with thermal 
power conversion or refrigeration. The Invention 
provides full scope and much flexibility for energy 
recovery from gas separation processes. 

Example No. 3 

Hydrogen is e preferred working fluid for Stirl- 
ing cycle machines because of its unique heat 
transfer properties and low viscosity. It is known 
that heavy hydrogen isotopes (deuterium end 
radioactive tritium) are differentially adsorbed 
relative to ordinary hydrogen on many materials 
including hydride forming metals at ambient or 
elevated temperatures, and on zeolites at low 
temperatures. Stirling engines or cooling 
machines may use hydrogen as a working fluid, 



while concentrating the trace Isotopes. In nuclear 
power plants, dual function Stirling machines 
according to the Invention could use helium as 
the working fluid to concentrate tritium contaml- 

5 nated reactor coolant helium. Tritium recovery Is 
Important for safety reasons, and in future fusion 
power plants will be important because of the fuel 
value of the tritium. Using appropriate isotope 
selective adsorbent, deuterium in natural hydro- 

to gen may also be concentrated by Stirling cycle 
engines or cooling machines adapted according 
to this invention. Higher concentration ratios may 
be achieved in large installations by cascading 
enginea or cooling machines in series and parallel 

is multi-stage separation plants. 

Alternatives and equivalents 
Rg. 5 

A second main embodiment of the invention 

20 102 serves as a thermo compressor, which has a 
thermodynamic cycle which is more closely 
based on the well known Ericsson cycle rather 
than the Stirling cycle. The main difference 
between this embodiment and that of the Rg. 1 is 

26 that the power piston 11 end associated power 
cylinder 12 are eliminated because the engine 
delivers compression work as opposed to 
mechanical work. Other features of the Invention 
ere basically similar to the embodiment Hg. 1 and 

so are described briefly as follows. 

A displecer cylinder 104 has a double-acting 
displacer piston or means 108 mounted on a 
displecer piston rod 108 which Is sealed with high 
pressure seals 109, and has a small cross seo 

36 tional area relative to cross sectional area of the 
cylinder 104. The rod 108 is reciprocated by a 
reciprocating means 1 10. The displacer piston 106 
divides the cylinder 104 Into the first space, or 
expansion volume 111, and a second space or 

40 compression volume 1 13. A conduit 115 extends 
from the first space 111, through e heat 
exchanger 117 to a first end 118 of a thermal 
regenerator 119. The thermal regenerator also 
contains adsorbent material 120 and is sn adsor- 

46 bent/regenerator combination essentially similar 
to the combination regenerator of Hg. 1. The 
regenerator has a heat exchanger 121 extending 
from a non-return valve 123 to an outlet conduit 
126 which delivers e gas fraction from the first 

50 end 118. An inlet conduit 126 has outer and inner 
non-return inlet velves 128 and 129, a heat 
exchanger 130 and a discharge or point of injec- 
tion 132 within the regenerator to determine the 
point of discharge of feed gas mixture fed Into the 

66 apparatus. A conduit 134 extends from an oppo- 
site or second end 133 of the thermal regenerator, 
through a heat exchanger 138 and communicatee 
with the second space 113 or compression 
volume. An outlet conduit 138 communicates 

60 with the second end 133 end has an outlet valve 
139 which is controlled through a valve control 
means 140 to open to discharge e gas fraction as 
required. 

When compared with the first embodiment, it 
m can be seen that, In effect the previously 
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described first end second volume displacement 
means are combined into the first double-acting 
dlsplacer piston or means 106 so that the phase 
engle between the first and second dlsplacer 
means Is 180 degrees. This results in the com- 
pression volume end expansion volume being 
almost equal end 180 degrees out of phase. The 
machine can be either operated as an engine. In 
which case T, is higher than T„ or as a heat pump 
or refrigerator, in which case T 2 is greater than T v 
As there is no power piston, only modest 
pressure ratios can be achieved even with high 
temperature ratios unless one of the components 
changes phase while in the regenerator combina- 
tion 119, 120. In operation of the engine, there will 
be a substantial phase difference between 
pressure variations and flow in the regenerator, 
approaching 90 degrees in the limit of zero feed 
throughput when the apparatus ceases to deliver 
any useful work. This phase difference is reduced 
in a preferred operation mode in which the outlet 
valve 139 is opened by the control means 40 
during the lowest pressure interval of the cycle. 
Phase shift between pressure and regenerator 
flow can be further reduced by increasing feed 
throughput, at a penalty of reduced pressure 
ratio. In effect, this process involves converting a 
portion of the heat supplied to the relatively hot 
space to compression work by delivering at least 
e portion of the separated gas fraction at elevated 
pressure relative to the pressure at which the feed 
gas mixture is introduced into the process. 

Example No. 4 

This Fig. 5 embodiment has the advantage of 
extreme simplicity. Its use will be attractive in 
applications where a highly adsorbed contamin- 
ant Is to be removed from a gas which is also to 
be compressed. For example, well head natural 
gas compression can be combined with purifica- 
tion to remove hydrogen sulphide, water and 
carbon dixode, while the gas itself Is compressed 
through a modest pressure ratio. In this particular 
example, the heat source to power the apparatus 
may be provided by combustion of the waste gas 
stream. 

In view of the substantial phase shift In the 
regenerator between pressure and flow, this 
embodiment may be applied more favourably to 
separations where adsorptlve selectivity is con- 
trolled by rate effects, since regenerator flow will 
be approximately in phase with the time rate of 
change of pressure. 

A simple modification to the Fig. 5 embodiment 
102 is to substitute the non-return valves 123 and 
128 for positively timed, two-wave valves which 
are also controlled by the control means 140, by 
undesignated connections shown In broken out- 
line. This alternative apparatus may be operated 
In close analogy to a Gifford-McMahon cooling 
machine. In this alternative, temperature T, may 
be ambient and temperature T s is greater than T t . 
The apparatus is now powered by compression 
energy of a pressurised feed gas mixture intro- 
duced through the Inlet valve 128 in the inlet 



conduit 126. The velve 128 Is opened after the 
dlsplacer piston 106 is extended to en outer 
portion of the stroke so that the compression 
space 113 Is at Its maximum and the pressure Is 

5 fairly low and the outlet valve 139 Is closed. The 
entering feed gas mixture through the conduit 
126 compresses gas already in the compression 
space 113 until the valve 123 Is opened by the 
control means to deliver some product gas frac- 

io tion depleted in the more readily adsorbed com- 
ponent The pressure in the conduit 125 is now 
slightly less than the supply pressure in the 
conduit 126. The inlet valve 128 is closed, and the 
dlsplacer piston 106 Is retracted to the bottom of 

is its stroke, displacing gas from the compression 
space 113 to flow through the regenerator 119 
into the space 111 with cooling over the 
regenerator and through a consequent pressure 
drop. The outlet valve 139 is then opened, reduc- 

20 ing pressure further and delivering gas enriched 
In the more adsorbed component When the 
pressure in the system is reduced to the minimum 
level, the valve 139 is closed and the dlsplacer 111 
retracts to displace gas from the space 113 

25 through the regenerator to the space 111, 
becoming warmer and thus providing an initial 
pressure rise to complete the cycle. 

The Gifford-McMahon cycle has a major advan- 
tage that high pressure ratios can be imposed 

90 externally, but unlike other embodiments, has 
the disadvantage of relatively low thermal effi- 
ciency because of irreversible gas expansion. 

Fig. 6 

$5 A third embodiment of the invention 148 
utilises two similar dlsplacer and regenerator 
combinations, within a single working volume, in 
which the two displacers are operated out of 
phase. The apparatus has a flow path having 

40 generally similar first and second portions 150 
and 151 respectively which resemble a flow path 
portion of the Fig. 6 embodiment and have first 
and second dlsplacer cylinders 153 and 154 with 
first and second double-acting displacers 155 and 

45 156 respectively. The displacers 155 end 156 have 
respective rods 159 and 160 which cooperate with 
a reciprocating means 162 to reciprocate the 
displacers within the respective cylinders at equal 
frequencies but phased apart The first dlsplacer 

50 1 55 divides the cylinder 1 53 Into a first space or an 
expansion space 163 and a second or compres- 
sion space 165. The dlsplacer 156 divides the 
cylinder 154 into a first space or expansion space 
168 and a second space or compression space 

56 170. A connecting conduit 172 Interconnects the 
compression spaces 165 and 170 so that pressure 
throughout the embodiment 148 is essentially 
equalised. 

A first thermal regenerator 175 has a first end 
co 176 connected by conduits 176 and 177 to the 
expansion and compression spaces respectively 
of the first cylinder 153. Heat exchangers 178 and 
179 at temperatures T, and T t cooperate with the 
conduits 176 and 177 respectively to maintain the 
55 adjacent spaces at the particular temperatures of 
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the heat exchangers. An Inlet conduit 181 con- 
trolled by a non-return Inlet valve 182feedsafeed 
mixture of gaees into a second end of 180 the 
regenerator adjacent the expansion space 165. An 
outlet conduit 183, controlled by a non-return 
outlet valve 184 discharges from the first end a 
gas component separated from the gas mixture, 
and also cooperates with the conduit 176. An 
outlet conduit 187 controlled by a mechanically 
operated outlet valve 188 discharges from the 
second end another gas fraction. The regenerator 
175 contains adsorbent material 189 and thus is 
an adsorbent/regenerator combination in accord- 
ance with the invention, ft can be seen that the 
first portion 150 of the apparatus resembles 
closely the thermo compressor embodiment 102 
of Fig. 5, with the exception of removal of heat 
exchanger within the regenerator. 

In contrast the second portions 151 of the flow 
path has a second thermal regenerator 190 which 
contains non-adsorbent heat storage material, 
i.e., the regenerator 190 is basically conventional 
and Is not a combination regenerator. Thus, the 
portion 151 does not provide any gas separation 
function, and instead is to provide an appropriate 
connection to the phase angle between the first 
and second portions. This is to attain the desired 
pressure variations in a desired phase relation- 
ship with flow through the regenerator combina- 
tions 175, 189 and also to improve the pressure 
ratio that is normally relatively low with use of the 
single thermo compressor of Fig. 5. The second 
portion 151 has conduits 192 and 193 inter- 
connecting the regenerator 190 with a first or 
expansion space 168 and a second or compres- 
sion space 170 of the cylinder 154. Heat exchan- 
gers 195 and 196 at temperatures T, and T a 
respectively cooperate with the conduits 192 and 
193 so as to maintain the respective expansion 
spaces 168 and 170 at the required temperatures. 
Clearly both regenerators 175 and 190 are 
exposed to respective thermal gradients due to 
the adjacent heat exchangers. 

Preferably, the dlsptacer cylinder 156 has a 
larger displacement than the cylinder 153 so that 
pressure variations from the second portion 151 
dominate the flow within the first portion 150. 
This enables a higher pressure ratio to be 
attained, and Increases flexibility of design, both 
with reference to temperature variations and 
cycle efficiency. When the piston 156 is fully 
extended, the pressure is reduced by cooling gas 
drawn into the space 170. Similarly, when the 
piston 156 is fully retracted, the pressure Is 
increased by heating gas drawn into the space 
16a 

When operated as a thermo-compressor, 
temperature T, Is equal to temperature T„ both of 
which are greater than temperature T* which is 
commonly ambient Thus the thermal gradients 
have equal upper temperatures and equal lower 
temperatures. Compared to the more simple 
thermo-compressor of Fig. 5, the embodiment 
148 has much greater flexibility to obtain an 
optimal phase relationship between the pressure 



swing and gas flow over the adsorbent/ 
regenerator combination 175, 189. This embodi- 
ment is more suitable for separation of less 
strongly adsorbed gases, when compared with 

5 the previously described embodiment of Fig. 1. 
In summary, when considering the first portion 
150 of the flow path as a thermocompressor, it 
can be teen that the first and second volume 
displacement means, as previously defined, have 

10 been combined into a first double-acting dia- 
placer means 155, so that the phase angle 
between the first and second volume displace- 
ment means is 180 degrees. The displacer 
cylinder 153 cooperates with opposite ends of the 

is regenerator combination 176, 189 and with the 
displacer means 155 so that the displacer means 
155 separates the first and second spaces. The 
regenerator combination 175, 189 has a thermal 
gradient defined by first and second temperatures 

20 T t and T* in which the first space of the working 
volume fe a temperature T, and the second space 
of the working volume is at the temperature T* 
When referring to the second portion 151, the 
second thermal regenerator 190 cooperates with 

26 opposite ends of the second displacer cylinder 
154 and is subjected to a second thermal gradient 
defined by the second temperature T 2 and a third 
temperature T s in which the third temperature 
equals the first temperature T v Thus the thermal 

so gradients of the regenerators of each portion are 
essentially equal. 

Example No. 6 
An attractive application for the therm ©-com- 
as pressor embodiment es above described Is pro- 
duction of preheated and compressed oxygen 
enriched air for combustion in a furnace, gasrfier 
or high temperature engine cycle. Some of the 
combustion heat or waste heat is applied to the 

40 heat exchangers 178 and 195. Air is supplied 
through the non-return inlet valve 182 through 
the inlet conduit 181, end oxygen depleted air is 
released at ambient temperature through the 
outlet valve 188, which Is opened at intervals of 

45 minimum cycle pressure. Hot compressed 
oxygen Is delivered through the non-return valve 
184 in the outlet conduit 183 to the combusution 
furnace or other load. 
An alternative application of the Rg. 6 embodt- 

so merit is for operation as a modified Vullieumier 
cycle cooling machine so es to operate between a 
low temperature and ambient In this alternative, 
pressure swings in the apparatus are generated 
by thermo compression. When operated as a 

55 Vullieumier refrigerator or as a heat pump, the 
larger displacer 156 cooperates with the 
regenerator 190 which operates es e thermocom- 
pressor, imposing a pressure regime on the 
regenerator 176. The smaller displacer 155 

so imposes correctly phased flows to obtain a cool- 
ing effect at the heat exchanger 178 at the 
temperature T v In this alternative, the tempera- 
ture T, is greater than the temperature T* and the 
temperature T t is lower then temperature T* The 

55 reciprocating means 162 is modified so that the 
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displacer 156 leads the displacer 155 by about 90 
degrees of phase. The refrigeration effect will be 
delivered partly as cooling load at the heat 
exchanger 178, and partly as a cold compressed 
gas delivered from the non-return outlet valve 
184. 

It Is evident by comparison with the previous 
embodiment that alternative design selections of 
inlet and outlet valves, associated heat recovery 
coils and the feed injection location, not shown 
specifically, in the regenerator combination 176 
are admissable within the scope of this Invention 
and that features of the particular embodiments 
shown may be interchanged. 

In summary, the refrigeration alternative of the 
Fig. 6 embodiment differs from the thermo-com- 
pressor embodiment mainly in the thermal 
gradients imposed on the regenerator. The 
regenerator combination 175 of the first portion, 
which has the adsorbent 189, has a thermal 
gradient defined by first and second temperatures 
in which the first temperature Is lower than the 
second temperature and the second temperature 
Is near ambient However the second portion of 
the flow path has the second thermal regenerator 
190 (without an adsorbent) and is subjected to a 
second thermal gradient defined by the second 
temperature T s and the third temperature T* in 
which the third temperature is elevated above 
ambient. Various means to supply heat to the 
apparatus at the third temperature are provided, 
so as to drive the displacer and reciprocating 
means in such a manner as to obtain gas separa- 
tion together with refrigeration functions. 

Rg.7 

A fourth embodiment 201 of the invention Is for 
gas separation, and may be coupled together in 
series or in parallel to provide multiple separation 
steps of a complex process. Furthermore, as will 
be described with reference to Fig. 8, this inven- 
tion, as well as the previously described embodi- 
ments, can also bo used for chemical reactions. 
The fourth embodiment shows direct coupling of 
an engine with a refrigerator within a single 
Stirling cycle machine. One particular use of this 
embodiment is to deliver hot compressed oxygen 
to a high temperatur combustion process, in 
which the machine can be powered entirely by 
waste heat from the combustion process, thus 
avoiding the high cost of mechanical energy 
required for conventional air separation pro- 
cesses. 

The embodiment 201 includes a stepped dis- 
placer cylinder 203 having outer and Inner 
cylinder portions 205 and 206, in which the 
portion 205 is smaller in diameter than the portion 
206. A stepped displacer 208 is complementary to 
the inner and outer cylinder portions and has a 
displacer rod 209 which is sealed at 210. A power 
piston 212 is reciprocals within a power cylinder 
214 and a conduit 216 interconnects of variable 
volume 215 of the power cylinder with the inner 
cylinder portion 206. The piston 212 has a piston 
rod 219 which, similarly to the rod 209 cooperates 



with a reciprocating means 221 which reci- 
procates the piston 212 and the displacer 206 
within their respective cylinders, at a similar 
frequency but phased apart The displacer 206 
s divides the internal volume of the displacer 
cylinder 203 into a variable volume 225 In the 
outer cylinder portion, a variable volume 227 
adjacent the lower portion of the inner cylinder 
portion 206, and a third variable volume 229 in a 
io portion of the displacer cylinder which bridges 
the inner and outer portions. Similarly to the 
Stirling engine embodiment described with ref- 
erence to Fig. 1, the variable volume 226 Is the 
expansion volume or first space, and the aum of 
16 the variable volumes 21 5 and 227 is the compres- 
sion volume of the machine and Is termed the 
second space. The third variable volume or space 
229 communicates with an intermediate conduit 
231 connected adjacent an intermediate portion 
20 232 of the displacer cylinder bridging the inner 
and outer portions thereof. 

The embodiment 201 has a flow path including 
a conduit 233 extending from the first space 226, 
through a heat exchanger 235 to a first end of a 
25 thermal regenerator 238 containing an adsorbent 
bed 239, which cooperate to produce an adsor- 
bent/regenerator combination as before. The flow 
path also includes a conduit 240 having a head 
exchanger 241 in which the conduit 240 com- 
ae municates an opposite end of the regenerator 
combination 238 with the variable volume 227 or 
second space. 

An Inlet conduit 243 having an Inlet valve 245 
supplies feed gas to the interior of the thermal 
38 regenerator/adsorbent bed. Outlet conduits 248 
and 247 provided with outlet valves 250 and 251 
respectively communicate with opposite second 
end first ends 252 and 249 respectively of the 
regenerator combination. 
40 With the exception of the stepped displacer 208, 
it can be seen that the structure above described 
closely resembles the Stirling cycle machine as 
described with reference to Fig. 1. The embodi- 
ment 201 differs mainly by the provision of the 
48 third space 229 and the Intermediate conduit 231 
which communicates with an intermediate com- 
bination portion 253 of the regenerator combina- 
tion 238, 239. The regenerator combination has 
the intermediate portion 255 disposed between 
80 the opposite ends of the regenerator, so that first 
and second combination portions 255 and 256 
extend between the intermediate portion and the 
first and second ends of the regenerator. In 
operation, the reciprocating means 221 red- 
68 procstes the displacer 208 and power piston 212 
to function as volume displacement means so 
that the displacer 208 leads the piston 212 as 
before described. This provides cyclical reversal 
of flow and variations of pressure on the bed. The 
80 displacement means communicates elso with the 
third space 229 to produce cyclical reversals in 
direction of flow of the gas between the third 
space and the intermediate portion. Due to rela- 
tive diameters of the portions of the displscer 208, 
86 the mass flow In the second portion 256 is greater 
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than that the mass flow In the first portion 255. 
Because the displacer 208 functions as a single 
entity, the volume displacements relative to the 
first and third spaces 226 and 229 are In phase. 

For a particular application, the heat exchanger s 
235 is heated at an elevated temperature T, and 
the heat exchanger 241 Is at temperature T a which 
is ambient An insulating Jacket 259 extends to 
enclose portions of the flow path adjacent the 
intermediate conduit 231, the intermediate por- w 
tion 253 and adjacent portions of the inner and 
outer cylinder portions 205 and 206. The insulat- 
ing jacket reduces flow of heat Into the apparatus 
from the outside, and thus enables low tempera* 
tures to be attained adjacent the intermediate rs 
conduit as follows. 

The apparatus has a refrigerator section being 
the lower flow path including the conduits 231 
and 240, the second portion 256 and associated 
portions of the displacer cylinder. This resembles 20 
a conventional Stirling cycle heat pump or 
refrigerator in which a low temperature is genera- 
ted at the conduit 231 and heat Is transported 
from the space 229 to the space 227. The upper 
flow path of the apparatus including the conduits 26 
233 and 231 and associated first regenerator 
portion 255 and cylinder portions functions as a 
Stirling engine In which heat to power the engine 
is epplied at the heat exchanger 235. Because 
there is a greater flow of gas In the lower flow 90 
path than the upper flow path, there is a net 
transport of heat from the space 229 to the heat 
exchanger 241, providing the refrigeration effect 
It can be seen that each portion of the regenerator 
is subjected to a respective temperature gradient 36 
which has a lower temperature adjacent the 
intermediate portion 253, and higher tempera- 
tures exist adjacent outer ends of the regenerator 
bed. 

The portion 256 of the regenerator combination 40 
is cooled for selected separation of oxygen and 
nitrogen under reduced pressures, while rejecting 
water and carbon dioxide into the outlet conduit 
248 which contains nitrogen enriched air. The 
portion 255 of the regenerator is cooled adjacent 48 
the intermediate portion 253 by the adjacent 
cooler second portion 256 and provides further 
separation of oxygen towards the hotter end 
thereof, and nitrogen towards the colder end 
thereof, while supplying mechanical energy to at 80 
least assist in powering the apparatus. 

It Is noted that both portions of the regenerator 
contribute to separation of oxygen and nitrogen 
in a two stage process in which volume displace- 
ments at the intermediate regenerator portion 253 68 
are in phase with volume displacements at the 
first regenerator portion 255. Similarly to the Rg. 
1 embodiment, the phase relationship between 
the pressure and flow reversals is coordinate such 
that the cyclic gas volume displacements adjacent 60 
the first end of regenerator combination have a 
leading displacement phase with respect to cyclic 
gas volume displacements adjacent the second 
end of the regenerator combination. For certain 
applications, the insulation is provided adjacent 66 



the intermediate portion 253 and related conduits 
so that temperature adjacent the intermediate 
regenerator and associated conduits Is lowered 
relative to temperature at both ends of the 
regenerator. 

Fig. 8 

A fifth embodiment 266 of the invention is 
particularly adapted for gas phase reactions in a 
reaction zone located inside a Stirling cycle 
machine. Adsorbent material In the regenerator 
separates at least one product from reactant 
components of the reaction, so as to maintain the 
reaction off equilibrium, thus Increasing yield or 
conversion rate of the reaction. In the case of an 
exothermic reaction, the heat of reaction can be 
used, at least in part, to drive a Stirling engine. In 
the case of an endothermic reaction, the heat 
adsorbed or required by the reaction is trans- 
ferred from the hotter portion of the apparatus 
which operates as a Stirling cycle refrigerator or 
heat pump. 

The fifth embodiment 266 resembles a modi- 
fied Stirling cycle machine and includes the body, 
not shown, having a working volume which 
includes a displacer cylinder 268 having e dis- 
placer piston 269, and a power cylinder 271 
having a power piston 272. The displacer piston 
divides the displacer cylinder into variable 
volumes 274 and 275, and the power piston 
communicates with e variable volume 277. A 
conduit 278 interconnects the volumes 275 and 
277 and similarly to the previous embodiment 
the volume 274 is referred to as the expansion or 
first space, and the sum of the volumes 275 end 
277 is referred to es the compression space or 
second space. A reciprocating means 281, shown 
only partly, cooperates with rods 279 and 280 
connected to the displacer 269 end the piston 272 
respectively to reciprocate the pistons out of 
phase so that an increase of the expansion 
volume leads to an increase of the compression 
volume. 

A thermal regenerator 282, cooperating with 
adsorbent material 283 to produce an adsorbent/ 
regenerator combination, has ends 273 and 276 
connected to the first and second spaces of the 
displacer cylinder 268 by conduits 284 and 285 
respectively, and heat exchangers 286 and 287 
cooperate with the conduits 284 and 285 and are 
maintained at temperatures T, end T« respec- 
tively. An Inlet conduit 290 has, in sequence from 
en outer end thereof, a gas purifier 291, a com- 
pressor 293, a first non-return inlet verve 295, e 
heat exchanger 296 within the thermal 
regenerator end a second non-return valve 298 
which cooperates with the conduit 284 which In 
turn feeds Into en adjacent first end of the 
regenerator 282. If desired, the compressor 293 
can be coupled to the reciprocating means 281 
through a connection 300, shown in broken out- 
line, so as to drive the compressor, at least in part 
with power from the Stirling engine. 

The power cylinder 271 is shown in an Inverted 
position to Illustrate more clearly the function of 
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product separation In liquid form. A lower portion 
of the power cylinder 271 acts as a liquid 
separator 302 and has a liquid discharge valve 
304 which Is opened periodically to remove liquid 
product of the reaction. A purge valve 306 posl- 6 
tfoned above the separator 302 is open periodi- 
cally to discharge "inert" gases which might 
otherwise accumulate in the power piston. In 
applications where the product of the reaction 
does not liquefy, or purging of inert gases is not a 10 
problem, the previously described power cylinder 
and power piston of Rg. 1 could be substituted for 
that shown in Rg. 8. 

A major feature of the embodiment 268 is the 
provision of means to permit reaction of two or is 
more gases within the reaction zone of the work- 
ing volume, and removal of one or more com- 
ponents of the reaction to increase conversion 
rate. Because the rate of many gas phase 
chemical reactions Is enhanced by use of a cata- zo 
lyst, in most cases it is preferable to provide a 
catalyst In the reaction zone where the chemical 
reaction is to take place. For example, if the gas 
phase reaction is an exothermic reaction, which 
liberates heat, the catalyst is best provided in the zs 
higher temperature portion of the apparatus, for 
example in the expansion or first space 274 where 
it is shown as a matrix 308. If the gas phase 
reaction is endothermic, which absorbs heat, the 
catalyst would best be provided In a second space so 
275 of the apparatus, and receives heat trans- 
ported from the first space. Clearly, separate 
spaces for the reaction can be provided if 
necessary, the catalyst adjacent either end of the 
regenerator, or anywhere In the flow path at an 35 
appropriate temperature. The reaction zone Is 
usually associated with a variable volume space 
which can remove exothermic heat or provide 
endothermic heat of reaction. 

40 

Example No, 6 

A particularly useful application of the embodi- 
ment 266, using an exothermic reaction, is the 
synthesis of ammonia from nitrogen and hydro- 
gen over a promoted iron catalyst In this reao- 45 
tlon, the regenerator combination 282, 283 con- 
tains an adsorbent which preferentially adsorbs 
ammonia relative to hydrogen and nitrogen, for 
example a zeolite such as molecular seive 13X. 
The feed gases of nitrogen and hydrogen in 60 
correct proportions are fed into the inlet conduit 
290, purified by the purifier 291 with the exception 
of minor "inert" gases such as argon and 
methane, and compressed in the compressor 293 
to an operating pressure of about 120 atmos- 65 
pheres. The compressed feed gas is delivered 
through the inlet valve 295 to the heat exchanger 
296 which heats the feed gas to the synthesis 
temperature T, of about 450 degrees C The 
preheated feed gas Is Injected into the conduit 284 so 
of the Stirling engine through the non-return 
valve 298 and passes through the heat exchanger 
286 which serves as a start-up heater. 

The catalyst In the expansion volume 274 
enhances the speed of the reaction so that the 56 



product, ammonia gas. Is transported by pressure 
swing adsorption towards the second space or 
cooler end of the apparatus, that is towards the 
cooler end of the regenerator, through the con- 
duit 285 where it is condensed in the compression 
space 275 by removing heat with the heat 
exchanger 287. Liquid ammonia condenses in the 
separator 302 from where it is removed during 
intervals of high pressure through the discharge 
valve 304. It la added that any liquid ammonia 
remaining in the separator during Intervals of 
lower pressure would tend to evaporate and thus 
reduce the amplitude of pressure swings in the 
systems. Conversely, the presence of some freely 
mobile liquid emmonia (i.e. droplets in the gas 
mixture, in the cooler end of the regenerator 
would tend to increase the amplitude of pressure 
swings. 

The zeolite adsorbent in the regenerator 282 
has much higher affinity for ammonia than for 
hydrogen or nitrogen. However, nitrogen end 
"inert" gases Including argon and methane will 
be preferentially adsorbed relative to hydrogen. 
Hydrogen is parametrically pumped Into the reac- 
tion zone adjacent the hotter end 273. Hence a 
concentration gradient will be established across 
the regenerator with the nitrogen and "inerts" 
more concentrated toward the cold end where the 
emmonia Is also concentrated and liquefied. 
Excessive build up of Inerts will be avoided by 
periodic opening of the purge valve 306, which 
will vent the nitrogen rich mixture containing 
accumulated "Inerts" from the separator 302. 

It is anticipated that cyclic pressure excursions 
in this Stirling engine apparatus may range from 
120 atmospheres to 200 atmospheres. Since aver- 
age pressure is than 160 atmospheres, while feed 
gas injection is 120 atmospheres in this case, It 
can be seen that the engine actually performs the 
final stage of feed gae compression within its own 
regime of cyclic pressure. 

At this relatively low synthesis loop pressure of 
160 atmospheres, a conventional ammonia syn- 
thesis plant could not obtain satisfactory conden- 
sation of liquid ammonia without auxiliary refrig- 
eration. In this invention, the lower temperature 
T 2 will correspond to normal ambient tempera- 
tures, and refrigeration is not required because 
emmonia is concentrated within the apparatus. It 
is expected that the pressure swing adsorption 
function will remove ammonia very rapidly from 
the expansion volume of the engine, driving the 
reaction far from equilibrium and thus enhancing 
catalyst productivity. 

In ammonia synthesis, the desired product. I.e., 
ammonia. Is adsorbed and removed from the 
reaction zone by adsorption followed by liquefy- 
ing and removal as a liquid. In other reactions. If 
an undesirable side product is formed in a side 
reaction, the side reaction can be suppressed by 
preventing the side product from leaving the 
reaction zone, thus maintaining the side reaction 
at equilibrium. An example of this type of reaction 
is given In Example No. 7. In both cases, the 
process of the invention Is thus characterized by 
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combining a chemical reaction function with the 
gas separation function adjacent a reaction zone, 
wherein the gas mixture includes at least one 
reactant and at least one product of the reaction, 
one of which is preferentially adsorbed in the 
adsorbent material. 

Example No. 7 

The potential for application of the invention to 
endothermlcs reactions may be illustrated by the 
important example of synthesis gas production 
by steam reforming of methane. The main reac- 
tion It 

CH 4 +H 2 0±*CO+3Ht. 

In the conventional process, feed methane and 
steam are passed over a nickel catalyst at typical 
conditions of 900*C and 30 atmospheres. A large 
excess of steam is necessary to prevent carbon 
deposition on the catalyst, and to drive the reac- 
tion forward. The endothermlc heet of reaction it 
supplied by external heating of the high alloy 
tubes containing the catalyst These severely 
stressed catalyst tubes are very costly. High 
energy costs ere also associated with the 
temperature drop.through the tube walls, end the 
large excess volume of steam required. Alto 
carbon dioxide is produced as a side product in a 
side reaction which lowers conversion rate of the 
desired or main product 

In the present invention applied to steam 
reforming, e heat pump embodiment of Figure 8 
will be used to transport lower grade heat from an 
initial temperature T, of perhaps 300°C to the 
reforming temperature T, of about 900*0. The 
reaction zone will accordingly be associated with 
the second space 275 of the Stirling machine. To 
avoid high temperatures the power piston and 
drive means can be located in the cooler regime 
associated with the first space, while maintaining 
the required phase difference. To Increase con- 
version rate it is desired to concentrate the reao- 
tants methane and water into the reaction zone In 
the space 275, while removing the products car- 
bon monoxide end hydrogen. 

The reactants, main products and side products 
of this reaction can be put in a descending order 
of adsorption over silica gel or alumina gel adsor- 
bents as follows: 

Water 

Carbon dioxide 
Methane 

Carbon monoxide 
Hydrogen 

Hence steam will be concentrated strongly Into 
the second space 275, while hydrogen and carbon 
monoxide will be separated and transported 
toward the first space 274. This achieves the 
desired separation of products from a reagent 
Since the side product carbon dioxide is alto 
concentrated into the reaction zone in space 275, 
this corresponding side reaction will be inhibited. 
This exemplifies the ability of the invention to 
achieve reaction selectivity, where the undesired 



product is trapped in the reaction zone, whereat 
the desired product Is readily removed. A high 
partial pressure of carbon dioxide over the cata- 
lyst will help suppress carbon deposition. Since 

e adsorbent coefficients ere reduced at elevated 
temperatures, the apparatus may be designed to 
produce some carbon dioxide with the carbon 
monoxide, as it desirable for subsequent 
methanol synthesis. 

to As the endothermlc heat is provided to the 
reaction zone directly by the reacting gases as the 
Stirling cycle working fluid, the need for heat 
exchange through highly stressed catalyst tubes 
is eliminated. The energy burden of excess steam 

16 supply above stoichiometric requirements is 
avoided, and the process may use relatively low 
grade heat 

It Is seen that this more complex reaction Is 
characterized by transporting by parametric 

20 pumping the desired product away from the 
reaction zone to maintain the desired reacton of 
equilibrium to assist in high conversion to the 
desired product, and maintaining by parametric 
pumping the undesired product within the reao- 

26 tion zone to assist In maintaining the undesired 
reaction near equilibrium, to reduce conversion to 
the undesired product 

Some important effects will ante in the oper- 
ation of an off equilibrium catalytic reaction intlde 

so a Stirling engine. Unless auxiliary non-return 
valves or recirculation blowers are used to make 
the flow over the catalyst undirectional, the cata- 
lyst bed Is subjected to a regime of reversing 
flows and pulsating pressure. It Is expected that 

35 this regime will be favourable to good mass 
transfer and heat transfer from the catalyst 
Pressure pulsations will generate forced breath- 
ing of catalyst pores, with consequently improved 
mixing. 

40 A more subtle effect will arise from the pressure 
sensitivity of physical adsorption and hence 
chemisorption on the catalyst surfaces. Since 
pressure pulsations will cause reversing flow in 
catalyst pores and also will In general cause 
46 differential adsorption of reactant and product 
components, parametric pumping effects may be 
expected within catalyst pores. Such effects may 
change the reaction kinetics significantly. 
If a reactant is more readily or rapidly adsorbed 
60 than the products, pressure swing parametric 
pumping may tend to oppose penetration of that 
reagent into the catalyst pores, and thus retard 
the reaction rate. This Is a plausible explanation of 
the results obtained by Beiker for ethylene hydro- 
ps genation. Conversely if e reactant is more slowly 
adsorbed than the product the product should be 
removed more rapidly from the Interior of the 
catalyst by pressure swing parametric pumping, 
and the penetration of that reactant and the 
oo reaction rate should be enhanced. As ammonia 
and hydrogen are both readily adsorbed on an 
Iron catalyst while adsorption of nitrogen Is 
lower, the above effect may be beneficial in the 
case of ammonia synthesis. 
66 The thesis work of Jain showed that the rate of 



18 



35 



EP 0143 537 B1 



36 



ammonia synthesis can be enhanced by cyclic 
variations of feed composition. In the present 
invention, a non-uniform admixture of hydrogen 
and nitrogen is obtained in the regenerator com* 
binatfon through pressure swing adsorption. 8 
Because nitrogen is much less highly adsorbed 
than ammonia, the characteristic velocity of nitro- 
gen concentration wave front will be faster than 
the velocity of ammonia concentration wave 
front Hence, the machine can be designed so that to 
at least partial break through of the nitrogen 
concentration wave front back Into the catalyst Is 
obtained. Then feed composition cycling over the 
catalyst will be obtained to some degree by the 
changing concentration of nitrogen. It will be 18 
evident that feed composition cycling may be 
further enhanced in this Invention by separately 
timed and/or located injection of the feed com- 
ponents. Beneficial chromatographic effects may 
then be obtained, particularly if adsorbent with 20 
high capacity for ammonia is mixed with the 
catalyst as proposed by linger and Rinker. In 
conventional ammonia synthesis plants, feed 
composition cycling appears to be impracticable 
because most of die gas flowing through the 28 
synthesis loop Is recycled. 

It will be apparent that many variations to the 
embodiment of Figure 8 are admissable within 
this invention. For example, the feed gas could be 
injected directly into the second or cooler end of jo 
the regenerator combination 282 without the heat 
exchanger 298. This might make control of reao 
tant composition over the catalyst more difficult 
but would provide the advantage that any trace 
carbon dioxide, carbon monoxide and water con- 38 
tamlnants would be concentrated by parametric 
pumping Into the ammonia and purge gas 
effluents, providing some protection to the cata- 
lyst 

With appropriately selected catalyst the *> 
embodiment of Figure 8 can be epplied directly to 
methanol synthesis and many other chemical 
reactions. An Important case is Flscher-Tropsch 
synthesis of hydrocarbons from carbon monox- 
ide and hydrogen reactants, for which the Figure 48 
8 embodiment can favourably Influence selectiv- 
ity between alternative products according to 
their relative ability to be adsorbed on the 
selected adsorbent material. Both exothermic and 
endothermic reactions may be conducted Inside so 
Stirling cycle machines based on this invention 
with changes as discussed previously. 

This invention clearly has a wide range of 
chemical reaction applications, and can be 
expressed in all embodiments above end in, 88 
many embodiments or combinations not limited 
to those described above. 




1, A process for separating components of a 
gas mixture containing a first component which is 
more readily adsorbed and a second component 
which is less readily adsorbed by an adsorbent 
material, the process Including the steps of: m 



Introducing (37, 126, 181, 243, 290) the gas 
mixture into a working volume having a flow path 
containing the adsorbent material (34, 120, 189, 
239, 283) within an adsorbent bed; 

cyclically reversing direction of flow of the gas 
mixture along the flow path so that direction of 
the flow alternates between opposite ends of the 
flow path, cyclically varying the total pressure of 
the gas mixture between upper and lower 
pressure limits within the working volume; 

simultaneously coordinating a phase relation* 
ship between the cyclic pressure variations and 
the cyclic flow reversals relative to the adsorbent 
bed such that the first component Is preferentially 
adsorbed and immobilized by increased pressure 
on the adsorbent bed when the gas flows in one 
direction (72), and the first component is prefe- 
rentially desorbed when the pressure Is 
decreased and the flow is reversed (73); 

removing from adjacent one end (42, IS, 180, 

252. 276) of the adsorbent bed a first gas fraction 
enriched In the first component and removing 
from adjacent the opposite end (41, 1 18, 174, 256, 
273) of the edsorbent bed a second gas fraction 
depleted In the first component; 

providing in the flow path first (20, 111, 163, 
225, 274) and second (15, 19, 113; 165; 208; 215; 

275. 277) spaces disposed adjacent opposite ends 
of the regenerator combination, the spaces being 
at different temperatures to expose the 
regenerator combination to a thermal gradient; 
and 

passing the flow of gas through the spaces In 
series with the regenerator combination; the pro- 
cess being characterised by: 

providing in the flow path a thermal 
regenerator (27, 119, 175, 238, 282) to cooperate 
with the adsorbent bed to produce an adsorbent/ 
regenerator combination (34, 27; 120, 119; 189, 
175; 239, 238; 283, 282); 

passing through the adsorbent/regenerator 
combination the flow which passes along the flow 
path; and 

generating the cyclic pressure variations and 
the cyclic flow reversals by first cyclic gss volume 
displacements associated with the first space (20, 
111, 163, 225, 274) and by second cyclic gas 
volume displacements associated with the 
second space (16, 19; 113; 165; 208, 215; Z75, 
277), such that the first cyclic gss volume dis- 
placements have a leading phase angle with 
respect to the second cyclic gas volume displace- 
ments, so as to subject the gss flow to cyclical 
reversals of temperature, together with the cycli- 
cal reversals of pressure end direction flow, so as 
to facilitate separation of the ges into the first and 
second fractions, and achieve conversion 
between thermal energy and compression energy 
in the gss mixture. 

2. A process of operating a modified Stirling 
cycle machine wherein an internal working 
volume containing a gas has a flow path contain- 
ing first (20, 111, 163, 225, 274) and second (15, 
19; 113; 165; 208, 215; 276, 277) spaces and s 
thermal regenerator (27, 119, 176, 238, 282) die- 
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posed between the spaces, the first end second 
spaces being at different temperatures to expose 
the regenerator to a thermal gradient the process 
including the steps of: 

cyclically reversing direction of flow of the gas 
along the flow path so that direction of flow 
alternates between opposite ends of the flow 
path; and 

cyclically varying pressure of the gas between 
upper and lower pressure limits within the work- 
ing volume so that a phase relationship exists 
between the cyclic pressure variations and cyclic 
flow reversals relative to the thermal regenerator, 
the process being characterized by: 

(a) providing between the spaces an adsorbent 
bed containing adsorbent material (34, 120, 189, 
239, 283) to cooperate with the thermal 
regenerator to produce an adsorbent/regenerator 
combination; 

(b) introducing (37, 126, 181, 243, 290) into the 
working volume a gas mixture containing a first 
component which is more readily adsorbed by 
the adsorbent material, and a second component 
which is less readily adsorbed by the adsorbent 
material; 

(c) generating the cyclic pressure varations and 
the cyclic flow reversals by first cyclic gas volume 
displacements associated with the first space (20, 
111, 163, 225, 274) and by second cyclic gas 
volume displacements associated with the 
second space (15, 19; 113; 165; 208, 215; 275, 
277) such that the first cyclic gas volume displace- 
ments have a leading phase angle with respect to 
the second cyclic gas volume displacement*; 

(d) simultaneously when coordinating the 
phase relationship between the cyclic pressure 
variations and the cyclic flow reversals relative to 
the regenerator combination, preferentially 
adsorbing and Immobilising the first component 
on the combination bed by increased pressure 
when the gas flows In one direction (72), and 
preferentially desorbing the first component by 
decreasing the pressure when the flow direction 
is reversed (73); and 

(e) removing from one end (42, 133, 180, 262, 
276) of the regenerator combination a first gas 
fraction enriched In the first component and 
removing from the opposite end (41, 118, 174, 
255, 273) of the regenerator combination a 
second gas fraction depleted In the first com- 
ponent thereby also achieving conversion 
between thermal energy and compression energy 
In the gas mixture. 

3. A process as claimed in claim 1 or 2 further 
characterised by: 

(a) transporting heat from the first space to the 
second space, In which the first space is at a first 
temperature (T,) and the second space is at a 
second temperature da), 

(b) and removing the first gas fraction enriched 
In the first component from adjacent a second 
end (42, 133, 180, 252, 276) of the regenerator 
combination which Is adjacent the second space, 
and removing the second gaa fraction depleted In 
the first component from adjacent a first end (41, 



1 18, 174, 255, 273) of the regenerator combination 
which Is adjacent the first space. 

4. A process as claimed In claim 1, 2 or 3, further 
characterized by: 

5 (a) removing the second gas fraction depleted 
in the preferentially adsorbed component from 
the working volume at a time when the pressure 
is approximately at its maximum for the cycle, 
(b) removing the first gaa fraction enriched in 

to the more readily adsorbed component when the 
pressure is approximately at a minimum for the 
cycle. 

5. A process as claimed In any preceding claim 
further characterised in that: 

16 (a) In order to generate the cyclical reversals of 
flow direction and variations of pressure in the 
working volume, first (13, 106, 155, 208, 269) and 
second (11, 106, 156, 212, 272) volume displace- 
ment means are reciprocated to communicate 

20 with the first (20, 111, 163, 225, 274) and second 
(15, 19; 113; 165; 208, 215; 275, 277) spaces 
respectively at respective first and second 
amplitudes of reciprocation, In which the ratio of 
amplitudes of the displacements is approximately 

is equal to the ratio of the higher temperature 0\) to 
the lower temperature da) when expressed in 
degrees Kelvin, and the first volume displacement m 
means has a leading phase angle of approxi- 
mately 90 degrees with respect to the second 

so volume displacement means. 

6. A process as claimed In any preceding daim, 
further characterised by: 

(a) locating the adsorbent bed (34, 120, 189, 
239, 283) physically within a chamber containing 
9$ the thermal regenerator (27, 119, 176, 283, 282) so 
that the regenerator combination is an integral 
unit 

7. A process as claimed In any preceding daim, 
In which the regenerator combination (27, 34; 

40 119, 120; 175, 189; 238, 239; 282, 283) has first 
(41, 118, 174, 255, 273) and second (42, 133, 180, 
252, 276) ends associated with the first (20, 111, 
163, 225, 274) and second (15, 19, 113; 165; 208, 
216; 275, 277) spaces respectively, and the pro- 

46 cess is further characterised by: 

(a) maintaining the first space at a higher 
temperature than the second space, 

(b) removing the first gas fraction enriched in 
the more readily adsorbed first component from 

60 adjacent the second end of the bed end removing 
the second gas fraction depleted in the first 
component from adjacent the first end of the bed, 

(c) converting some of the heat supplied to the 
first space to mechanical work or to compression 

66 work so as to operate as an engine cyde. 

a A process as daimed In one of daims 1 to 6, 

In which the regenerator combination (27, 34; 

119, 120; 176, 189; 238, 239; 282, 283) has first 

(41, 118, 174, 255, 273) and second (42, 133, 180, 
60 252, 276) ends associated with the first end 

second spaces respectively, and the process is 

further characterised by: 
(e) maintaining the second space at a higher 

temperature than the first space, 
66 (b) removing from adjacent the second end of 
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the combination the first gee fraction enriched in 
the more readily adsorbed first component and 
removing from adjacent the first end of the 
combination the second gas fraction depleted in 
the first component 

(c) conveying heat from the first space to the 
second space so as to operate as a heat pump 
cycle or a refrigeration cycle. 

9. A process as claimed in claim 8 further 
characterised by: 

(a) Insulating (60) the first space (20), the first 
end (41) of the regenerator combination, and a 
portion (24, 28) of the flow path extending 
between the first space and the first end to 
permit attainment of low temperatures in the 
first end of the combination to facilitate gas 
separation. 

10. A process as claimed in any preceding 
claim, further characterised by: 

(a) coordinating the phase relationship 
between the pressure and flow reversals to gen- 
erate first cyclic gas volume displacements adja- 
cent a first end (118, 174) of the regenerator 
combination (119, 120; 175, 189) which have a 
leading displacement phase angle of 180" with 
respect to second cyclic gas volume displace- 
ments generated adjacent the opposite second 
end (133, 180) of the regenerator combination 
and maintaining the working volume sub- 
stantially constant, 

(b) converting a portion of the heat supplied to 
the relatively hot space (111, 163) to compres- 
sion work by delivering at least one separated 
gas fraction at an elevated pressure relative to 
the pressure at which the gas mixture is intro- 
duced into the process, so as to operate as a 
therm o-compressor cycle. 

11. A process as claimed in claim 1 further 
characterised by: 

(a) in a first portion (150) of the flow path, 
coordinating the phase relationship between the 
pressure and flow reversals to generate first 
cyclic gas volume displacements adjacent e first 
end (174) of the regenerator combination which 
have a leading displacement phase engle of 180* 
with respect to second cyclic ges volume dis- 
placements generated adjacent the opposite 
second end of the combination, and maintaining 
the working volume of the first portion sub- 
stantially constant, 

(b) in a second portion (151) of the flow path, 
providing a second thermal regenerator (190), 
and generating within the second portion of the 
flow path a cyclically reversing direction of flow 
so that the direction of flow alternates between 
opposite ends of the second flow path, and 
subjecting the second regenerator to a thermal 
gradient so as to cyclically vary pressure of the 
gas between upper end lower pressure limits, so 
that a second phase relationship exists In the 
second portion wherein first cyclic gaa volume 
displacements generated adjacent a first end of 
the second regenerator (190) have a leading 
displacement phase engle of 180* with respect to 
second cyclic gas volume displacements genera* 



ted adjacent the opposite second end of the 
second regenerator, and maintaining the second 
working volume to be substantially constant 
(c) communicating the first and second por- 

s tions (150, 151) of the flow path to attain a 
desired phase relationship between the flow 
direction reversals and pressure variations of the 
first and second portions of the apparatus, so as 
to provide greater flexibility and pressure 

to differences for use as a thermo-compressor. 

12. A process es claimed in claim 11 further 
characterised by: 

(a) providing In the second portion (151) of the 
flow path reversals of larger volumes of gaa than 
15 in the first portion (150) of the flow path, so that 
pressure variations from the second portion will 
dominate the first portion. 

13. A process as claimed in claim 11 or 12 
further characterised by: 

to (e) providing in the regenerator combination 
(175, 189) of the first portion (150) end In the 
thermal regenerator (190) of the second portion 
(151) essentially equal thermal gradients having 
essentially equal upper temperatures Hi, T») end 

25 essentially equal lower temperatures (Ti) In 
which the first space (163, 168) of each portion is 
exposed to the upper temperature, so aa to 
operate ea a thermo-compressor with enhanced 
phase relationship. 

30 14. A process as claimed in dalm 11 or 12 
further characterised by: 

(a) in the first portion (150) of the flow path, 
providing a thermal gradient for the regenerator 
combination (176, 189) between upper (T,) and 

35 lower temperatures (T,), wherein the first space 
(163) is exposed to the lower temperature, 

(b) in the second portion (151) of the 
apparatus, providing in the second regenerator 
(190) a second thermal gradient in which the first 

40 space (168) is exposed to a third temperature (T,) 
which Is higher than the upper temperature (Ti) 
of the first portion, so aa to operate as a Vul- 
lleumler refrigerator or heat pump, so aa to 
obtain gas separations at low temperatures. 

4? 15. A process as claimed in claim 1 or 2 further 
characterised by: 

(a) providing communication with the 
regenerator combination (238, 239) at an Inter- 
mediate combination portion (253) between 

so opposite first and second ends (249, 252) of the 
regenerator combination so that first and second 
combination portions 255, 256) extend between 
the intermediate portion (253) and first and 
second ends of the regenerator combination 

55 respectively, 

(b) cyclically reversing direction of flow at the 
intermediate combination portion so aa to cycli- 
cally vary flow through the first end second 
combination portions. 

90 16. A process as claimed In claim 16 further 
characterised by: 

(a) maintaining the cyclical reversals of flow at 
the intermediate combination portion (253) in 
phase with the cyclical reversals of flow relative 

es to the first end (249) of the regenerator combine- 
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tion (238, 239), 

(b) cyclically reversing the directions of flow at 
the intermediate portion (253) so that more gas 
circulates through the second combination por- 
tion (256) than through the first combination 
portion (255), so that flow of heat relative to the 
intermediate combination portion and the first 
and second combination portions result In a net 
gain or loss of heat at the intermediate portion. 

17. A process as claimed in claim 16 further 
characterised by: 

(a) coordinating the phase relationship between 
the cyclic flow reversals such that cyclic gas 
volume displacements adjacent the first end (249) 
of the regenerator combination (238, 239) have a 
leading displacement phase angle with respect to 
cyclic gas volume displacements adjacent the 
second end of the regenerator combination, 

(b) providing insulating (259) adjacent the inter- 
mediate portion (253) and related conduits (231) 
so that temperature adjacent to the intermediate 
portion and associated conduits is lower than 
temperatures at both ends (239, 252) of the 
regenerator combination. 

18. A process as claimed in daim 1 or 2 further 
characterised by: 

(a) conducting a chemical reaction in a reaction 
zone, wherein the gas mixture includes at least 
one reactant and at least one product of the 
reaction, one of which is preferentially adsorbed 
In the adsorbent material, 

(b) separating the reactant and the product by 
parametric pumping over the adsorbment 
material to drive the reaction towards high con- 
version, 

(c) transporting heat relative to the reaction 
zone to control temperature of the reaction zone. 

19. A process as claimed in claim 1 or 2 further 
characterised by: 

(a) conducting a chemical reaction In a reaction 
zone, wherein the gas mixture includes at least 
one reactant of the reaction, at least one desired 
product of a desired chemical reaction, and at 
least one undeslred product of a side reaction, 
one of the products being preferentially adsorbed 
in the adsorbent material, 

(b) transporting by parametric pumping the 
desired product away from the reaction zone to 
assist in maintaining the desired reaction off- 
equilibrium to assist in high conversion to the 
desired product. 

(c) trapping by parametric pumping the unde- 
slred product within the reaction zone to assist in 
retarding the undeslred reaction near equilibrium, 
to reduce conversion to the undeslred product 

20. A process as claimed in claim 18 or 19 
further characterised by: 

(a) providing a catalyst (308) in the reaction 
zone (274) to enhance the rate of the reaction. 

21. A process as claimed In claim 18 or 19 
further characterised In that: 

(a) the chemical reaction is exothermic and 
generates heat of reaction, 

(b) the reaction zone is located adjacent the first 
space (274) so that heat of reaction augments 



heat in the first space to assist in operation as a 
heat engine. 

22. A process as claimed in claim 18 or 19 
further characterised in that: 

5 (a) the chemical reaction is endothermic and 
adsorbs heat of reaction, 

(b) the reaction zone is located adjacent the 
second space (275) so that the heat required by 
the reaction ia transported from the first space. 

to 23. A process as claimed in claim 18 or 19 
further characterised by: 

(a) liquefying at least one product of the reac- 
tion in a cooler (277) space of the apparatus so as 
to facilitate separation of the product 

is 24. A process as claimed in claim 1 or 2 further 
characterised by: 

(e) transferring heat between portions of the 
regenerator combination (27, 34; 119, 120; 282, 
283) and the gas flow relative to either the inlet 

20 means (37, 126, 290) or the outlet means (48, 125). 
25. An apparatus (10, 102, 148, 201, 266) for 
separating components of a gas mixture contain- 
ing a first component which Is more readily 
adsorbed and a second component which ia less 

25 readily adsorbed by an adsorbent material (34, 
120, 189, 239, 283), the apparatus Including a 
body having an Internal working volume having 
first (20, 111, 163, 225, 274) and second (15, 19; 
113; 165; 215; 227; 275, 277) spaces, a flow path 

30 interconnecting the first and second spaces, and 
an adsorbent bed containing the adsorbent 
material and provided in the flow path between 
the spaces, inlet means (37, 126, 181, 243, 290, to 
admit gas mixture into the working volume, and 

35 outlet means (45, 48; 125, 138; 183, 187; 247, 248; 
284, 285) to discharge gas from adjacent opposite 
ends (41, 42; 118, 133; 174, 180; 255, 256; 273, 
276) of the adsorbent bed, volume displacement 
means (13. 11; 106; 155, 156; 208, 212; 269, 272) 

40 associated with the first and second spaces, 
reciprocating means (35, 110, 162, 221, 281) 
cooperating with the volume displacement 
means so as to produce cyclic variations In total 
pressure end cyclic reversals in direction of flow 

45 of the gas, the reciprocating means determining a 
phase relationship between the cyclic variations 
of pressure In the gas and directions of flow of the 
gas over the adsorbent bed, so that flow under 
reduced pressure past the adsorbent bed towards 

so one space la enriched In the first more readily 
adsorbed component while reverse flow under 
increased pressure past the adsorbent bed 
towards the opposite space is depleted In the first 
more readily adsorbed component the apparatus 

55 being further characterised by: 

(a) a thermal regenrator (27, 119, 175, 238, 282) 
cooperating with the adsorbent bed to produce an 
adsorbent/regenerator combination (27, 34; 119, 
120; 175, 189; 238, 239; 282, 283) provided In the 

oo flow path between the spaces to receive flow 
which passea along the flow path, 

(b) means for maintaining the first and second 
spaces at different temperatures (T„ T 2 ) to expose 
the regenerator combination to a thermal 

65 gradient so aa to subject the gas flow to cyclical 
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reversals of temperature together with the cycll- 
cal reversals of pressure and direction of flow so 
as to facilitate separation of the gas mixture Into a 
first gas fraction enriched in the first component, 
and a second gas fraction enriched in the second 
component, 

(c) the reciprocating means (35, 110, 162, 221, 
281) cooperating with the first and second volume 
displacement means so that the displacement 
means reciprocate at the same frequency, and the 
volume of gas displaced by the first volume 
displacement means leads the volume of gas 
displaced by the second volume displacement 
means by a phase angle of between zero degrees 
and 180 degrees. 

28. An apparatus (10, 102, 148, 201, 266) which 
resembles a modified Stirling cycle machine, the 
apparatus including a body having an internal 
working volume having first (20, 111, 163, 225, 
274) and second (15, 19; 113; 165; 215, 227; 276, 
277) spaces, a flow path for gas inter-connecting 
the first and second spaces, a thermal regenerator 
(27, 119, 175, 238, 282) provided In the flow path 
between the first and second spaces, the first and 
second spaces being at different temperatures 
(T tl T t ) to expose the regenerator to a thermal 
gradient, first (13, 106, 155, 208, 269) and second 
(11, 106, 156, 212, 272) volume displacement 
means communicating with the first end second 
spaces respectively, reciprocating means (35, 1 10, 
162, 221, 281) cooperating with the first and 
second volume displacement means so that the 
first and second volume displacement means 
reciprocate at the same frequency to produce 
cyclic variations in total pressure and in direction 
of flow of the gas, the reciprocating means deter- 
mining phase engle between cyclic variations of 
pressure in the gas and flow directions of the gas 
over the regenerator, the apparatus being charac- 
terised by: 

(a) an adsorbent bed containing adsorbent 
material (34, 120, 189, 239, 283) cooperating with 
the thermal regenerator to produce an adsorbent/ 
regenerator combination (27, 34; 119, 120; 176, 
189; 238, 239; 282, 283) disposed between the 
first and second spaces, 

(b) the gas being a gas mixture containing a 
first component which is more readily adsorbed 
end a second component which is less readily 
adsorbed by the adsorbment material, 

(c) Inlet means (37, 126, 181, 243, 290) to admit 
the gas mixture Into the working volume, and 
outlet means (45, 48; 125, 138; 183, 187; 247, 248; 
284, 285) to discharge gas fractions from opposite 
ends of the regenerator combination, 

(d) the reciprocating means subjecting the gas 
flow to cyclical reversals of pressure and direction 
flow so that flow under decreased pressure of a 
first gas fraction past the regenerator combina- 
tion towards one space is enriched In the first 
more readily adsorbed component and Is dis- 
charged through one outlet meens, a flow under 
Increased pressure of a second gas fraction past 
the regenerator combination towards the remain- 
ing space Is depleted in the first more readily 



adsorbed component, and the second gas frac- 
tion Is removed through another outlet means, 

(e) the reciprocating means (35, 110, 162, 221, 
281) cooperating with the first and second volume 

6 displecement means so that the displacement 
means reciprocate at the same frequency, and the 
volume of gas displaced by the first volume 
displacement means leads the volume of gas 
displaced by the second volume displacement 

to means by a phase angle of between zero degrees 
end 180 degrees. 

27. An apparatus as claimed in claim 25 or 26 
further characterised by the volume displacement 
means having first (13, 106, 155, 208, 269) and 

is second (11, 106, 166, 212, 272) volume displace- 
ment means which communicate with the first 
and second spaces respectively. 

28. An apparatus as claimed in claim 25, 26 or 
27, further characterized by: 

20 (a) control means (57, 140) adapted to cooper- 
ate with outlet valve means (43, 46; 123; 129; 139; 
184, 188; 250, 251) so that the second gas fraction 
depleted in the more readily adsorbed com- 
ponent is removed from adjacent the first space at 

26 a time when the pressure Is approximately at Its 
maximum for the cycle, and the first gas fraction 
enriched In the more reedily adsorbed com- 
ponent is removed from adjacent the second 
space when the pressure Is approximately at a 

so minimum for the cycle. 

29. An apparatus as claimed in one of claims 26 
to 28 further characterised by: 

(a) auxiliary heat exchangers (50, 121, 296) 
provided In the regenerator combination (27, 34; 
36 119, 120; 282, 283) and adapted to transfer heat 
between portions of the regenerator combination 
and gas flow relative to either the inlet means or 
the outlet means. 

30. An apparatus as claimed in one of claims 25 
40 to 29 further characterised by: 

(a) the reciprocating means (35) cooperating 
with the volume displacement means (11, 13) so 
that heat is pumped from the first space (20) to 
the second space (16, 19), 
45 (b) thermal insulation means (60) cooperating 
with the first space to enable reduction of the 
temperature of the first space to permit gas 
separation at reduced temperature. 

31. An apparatus as claimed in one of claims 25 
so to 30 further characterised by: 

(a) means to maintain the temperature (T,) of 
the first space (20, 226, 274) higher than the 
temperature (T a ) of the second space (15, 19; 216, 
227; 275, 277), f m _ 

55 (b) work conversion means (11. 212, 272) 
cooperating with the first and second spaces to 
convert In pert heat at the higher temperature to 
mechanical work or compression so as to operate 
also as an engine. 

oo 32. The epparatus as claimed In claim 26 further 
characterised by: 

(a) the volume displacement means being a 
double-acting displacer means (106, 155), so that 
phase engle between first end second gas volume 

55 displacements is 180 degrees. 
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(b) a dfsplacer cylinder (104, 153) cooperating 
with opposite ends (118, 133; 174, 180) of the 
regenerator combination and with the double- 
acting diaplacer means, so that the double-acting 
displacer means separates the first (111, 163) and 
second (113, 165) spaces, 

(c) the temperature (Ti) of the first space (111, 
163) is higher than temperature (T a ) of the second 
space (1 13, 165) so as to operate as a thermocom- 
pressor. 

33. An apparatus as claimed in claim 32 further 
characterised by: 

(a) the thermal gradient of the regenerator 
combination (175, 189) being defined by first (T t ) 
end second (TJ temperatures associated with the 
first (163) and second (165) spaces respectively, 
the regenerator combination and the said dis- 
placer cylinder being a first portion (150) of the 
flow path, 

(b) a second portion (151) of the flow path 
having a second double-acting displacer means 
(156) and a second displacer cylinder (154), the 
second double-acting displacer means being 
reciprocable within the second displacer cylinder, 

(c) a second thermal regenerator (190) 
cooperating with opposite ends of the second 
displacer cylinder, and being exposed to a second 
thermal gradient defined by the second tempera- 
ture (T t ) and a third temperature (T»), in which the 
third temperature substantially equals the first 
temperature, 

(d) conduit means (172) interconnecting the 
first and second portions (150, 151) of the flow 
path, and the first and second double-acting 
displacer means cooperating with the reciprocat- 
ing means to operate at a phase angle which 
coordinates cyclic variations of pressure and 
reversals of gas flow past the regenerator combi- 
nation to improve separation of the components. 

34. An apparatus as claimed in claim 32 further 
characterised by: 

(a) the thermal gradient of the regenerator 
combination being defined by first (T,) end 
second (T,) temperatures associated with the first 
(163) and second (165) spaces respectively, the 
second temperature being near ambient, 

(b) a second portion (151) of the flow path 
having a second double-acting displacer means 
(156) and a second displacer cylinder (154), the 
second double-acting displacer means being 
reciprocable within the second displacer cylinder, 

(c) a second thermal regenerator (190) com- 
municating with opposite ends of the second 
displacer cylinder and being exposed to e second 
thermal gradient defined by the second tempera- 
ture (T s ) and a third temperature (T t ) in which the 
third temperature Is elevated above ambient 

(d) means to supply heat (195) to the apparatus 
at the third temperature so es to drive the dis- 
placer and reciprocating means in such a manner 
88 to obtain both gas separation and refrigeration 
functions. 

35. An apparatus as claimed in claim 33 or 34 
further characterised by: 

(a) the second double-acting displacer means 



(165) having a greater displacement than the first 
double-acting displacer meens (155) so as to 
dominate gas flow and pressure variations within 
the working volume. 
5 36. An apparatus as claimed in one of claims 25 
to 35, further characterised by: 

(a) the adsorbent/regenerator combination 
(238, 239) having an intermediate combination 
portion (253) disposed between opposite first 

iq (249) and second (256) ends of the regenerator 
combination so that first (255) and second (256) 
combination portions extend between the inter- 
mediate combination portion and the first and 
second ends of the regenerator combination 

is respectively, 

(b) the working volume has a third space (229) 
communicating with the intermediate portion 
through an Intermediate conduit (231), and the 
volume displacement means (208) cooperate with 

20 the third space to produce cyclic reversals In 
direction of flow of the gas between the third 
space and the intermediate portion. 

37. An apparatus as claimed In claim 36 further 
characterised by: 

2B (a) the reciprocating means (221) cooperating 
with the volume displacement means (208) so as 
to maintain the cyclical reversals of flow between 
the third space (229) and the intermediate combi- 
nation portion (263) in phase with the cyclical 

so reversals of flow between the first space (225) and 
the first combination portion (255), 

(b) the volume displacement means (208) 
cooperating with the first (227), second (216) and 
third (229) spaces so that flow of gas through the 

» second combination portion (256) Is greater than 
that through the first combination portion. 

38. An apparatus as claimed in claim 37 further 
characterised by: 

(a) the reciprocating means (221) cooperating 
40 with the volume displacement means (208) so 

that cyclic gas volume displacements adjacent the 
first end (249) of the regenerator combination 
(238, 239) have a leading displacement phase 
angle with respect to cyclic gas volume displaoe- 
45 ments adjacent the second end (252) of the 
regenerator combination, 

(b) insulation means (255) adjacent the inter- 
mediate portion (253) and the intermediate con- 
duit (231), so that temperature edjaoent the Inter- 
so mediate portion and the intermediate conduit Is 

lowered relative to temperature at both ends of 
the regenerator combination. 

39. An apparatus as claimed in one of claims 25 
to 38, further characterized by: 

68 (e) means to conduct a chemical reaction within 
s reaction zone (274) in the working volume, in 
which the gas mixture Includes at least one 
reactant and at least one product of the chemical 
reaction, 

so (b) the regenerator combination (282, 283) 
being adapted to adsorb at least one of the 
products so as to separate at least a portion of the 
product from the gas mixture to drive the reaction 
off equilibrium end achieve high conversion. 

65 40. An apparatus as claimed in claim 39 further 
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characterised by: 

(a) a catalyst (308) located In the reaction zone 
(274) to enhance rate of the reaction. 

41. An apparatus as claimed In claim 39 further 
characterised by: 

(a) the chemical reaction being exothermic 

(b) the reaction zone being located adjacent the 
first space (274) of the working volume to supply 
heat In the first space, so as to convert a portion of 
reaction heat to mechanical energy. 

42. An apparatus as claimed in claim 39 further 
characterised by: 

(a) the chemical reaction being endothermlc, 

(b) the reaction being located In the second 
space (275) so that heat required by the reaction Is 
transported from the first space to the second 
space by heat pump action. 

43. An apparatus as claimed in claim 39 further 
characterised by: 

(a) condenser means (302) cooperating with the 
second space (275) of the apparatus so as to 
liquefy at least one product of the reaction, so as 
to facilitate separation of the product 

44. An apparatus as claimed in one of claims 25 
to 43, further characterised by: 

(a) the volume displacement means including 
first (13, 106, 155, 208, 269) and second (11, 106, 
156, 212, 272) volume displacement means which 
are adapted to reciprocate at the same frequency, 
and at respective amplitudes of reciprocation with 
the displacement phase angle being approxi- 
mately 90 degrees, the first and second displace- 
ment means communicating with the first and 
second spaces respectively, 

(b) the ratio of the amplitudes of the displace- 
ments of the first and second displacement 
means being approximately equal to the ratio of 
the higher temperature to the lower temperature 
of the spaces, when expressed In degrees Kelvin. 

45. An apparatus as claimed in one of claims 25 
to 44, further characterised by: 

(a) the regenerator combination having a 
chamber containing the adsorbent material (34, 
120, 189, 239, 283) integral with the thermal 
regenerator (27, 119, 175, 238, 282). 

Patents nsprtiche 

1. Verfahren zum Trennen von Komponenten 
elnes Gasgemlschs mit elner ersten Komponente, 
die von einem adsorbierenden Material leichter 
adsorblert wird, und einer zwelten Komponente, 
die wenlger leicht adsorblert wird, 

mit den Verfshrensschrftten, 

daB das Gssgemisch in elne Arbeltsvolumen 
mit einer Strdmungsbahn elngefQhrt wird (37, 
126, 181, 243, 290), die in einem Adsorberbett das 
adsorbierenden Material (34, 120, 189, 239, 283) 
enthltt 

daB die Strdmungsrichtung des Gasgemlschs 
ISngs der Strimungsbshn zyMIsch umgekehrt 
wird, so daB die RIchtung der Strdmung zwischen 
entgegengesetzten Enden der Stromungsbahn 
wechseh, wobei der Gesamtdruck des Gasge- 
mlschs In dem Arbeltsvolumen zykllsch zwischen 



einer oberen und einer unteren Druckgrenze vari- 
iert, 

daB gleichzeltig die Phasenrelation zwischen 
den zyklischen DruckSnderungen und den zyHI- 
6 schen Strdmungsumkehrungen relatfv zu dem 
Adsorberbett so koordlnlert wird, dsB die erste 
Komponente durch vergrtBerten Druck in den 
Adsorberbett bevorzugt adsorblert und festgelegt 
wird, wenn das Gas in einer RIchtung (72) flieBt, 
10 und die erste Komponente bevorzugt desorbiert 
wird, wenn der Druck verringert und die Str5- 
mung umgekehrt wird (73), 

daB in der NBhe elnes Endes (42, 133, 180, 252, 
276) des Adsorberbetts elne erste Gasfraktion 
is entnommen wird, die mit der ersten Komponente 
angereichert 1st, und in der Nflhe des entgegenge- 
setzten Endes (41, 118, 174, 255, 273) des Adsor- 
berbetts elnes zwehe Gasfraktion, die bezOglich 
der ersten Komponents verarmt 1st, 
20 daB in der Strdmungsbahn erste (20, 11, 183, 
225, 274) und zweite (15, 19, 130; 165; 208, 215; 
275, 277) Rfiume vorgesehen werden, die in der 
Nfihe entgegengesetzten Enden der Regenerator- 
komblnation angeordnet sind, wobei dieses 
25 Rftume slch auf unterschledllchen Temperaturen 
befinden, so daB die Regeneratorkombination 
einem Wirmegredienten ausgesetzt 1st, und 

daB die Gasstrimung durch die Rfiume und die 
in Refhe dazu angeordnete Regeneratorkomblna- 
90 tion geleitet wird, 

dedurch gekennzeichnet, 
daB in der Strfimungsbahn ein Wlrmeregene- 
rator (27, 119, 238, 282) vorgesehen wird, der tm 
Zusammenwirken mit dem Adsorberbett elne 
ss Adsorber/Regeneratorkombination (34, 27; 120, 
119; 189, 175; 239, 238; 283, 282) bildet 

daB die lings der Strdmungsbahn verlaufende 
StrOmung durch die Adsorber/Regeneratorkom* 
bination geleitet wird, 
40 und daB die zyklischen Druckfinderungen und 
die zykllsche StrOmungsumkehr durch erste zyWi- 
sche Gasvolumenverschlebungen in Verblndung 
mit dem ersten Raum (20, 111, 163, 225, 274) und 
durch zweite zykllsche Gasvolumenverschlebun- 
45 gen in Verblndung mit dem zwelten Raum (15, 19; 
113; 165; 208, 215; 275, 277) so erzeugt werden, 
daB die ersten zyklischen Gasvolumenverschle- 
bungen einen gegenOber den zwelten zyklischen 
Gasvolumenverschlebungen vorauseilenden 
so Phasenwinkel haben, so daB die Gasstr6mung 
zusammen mit den zyklischen Umkehrungen des 
D rucks und der Strdmungsrichtung zyklischen 
Temperaturumsteuerungen unterworfen wird 
und daduruch die Trennung des Gases in die 
66 erste und die zweite Gasfraktion erielchtsrt und 
elne Umwandlung zwischen thermischer Energle 
und Kompresslonsenergle In dem Gssgemisch 
herbeigefOhrt werden. 
2. Verfahren zum Betrelben elner modlfizlerten 
60 Stirling-Meschine, in der eln inneres Arbeltsvolu- 
men, das ein Gas enthftlt, eine Strdmungsbahn 
aufwetst, die einen ersten (20, 111, 163, 225, 274) 
und einen zweiten Raum (15, 19; 113; 165; 208, 
215; 275, 277) und einen zwischen dlesen ange- 
66 ordneten Wfirmeregenerator (27, 119, 238, 282) 
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umfaBt wobei der erste und der zwehe Raum slch 
auf verschledenen Temperaturen beflnden, so 
daft der Wirmeregenerator einem Wfirmegre- 
dlentan ausgeaetzt 1st 

mit den Verfahrensschritten, daB 

die Strdmungsrichtung dea Gasgemiachs Ifings 
der Strdmungsbahn zykllach umgekehrt wird, so 
daB die richtung der StrQmung zwlachen entge- 
gengesetzten Enden der Stromungsbahn wech- 
seft, und 

der Druck des Gaaea in dem Arbeitsvolumen 
zwlachen einer oberen und einer unteren Grenze 
zykllach so variiert wird, daB zwlachen den zyldi- 
schen Druckfinderungen und den zykliachen Str6- 
mungaumkehrungen relativ zu dem Wirmerege- 
nerator eine Phaaenrelation besteht 

dadurch gekennzeichnet 

(a) daB zwlachen den Riumen ein Adsorberbett 
mit adaorbierendem Material (34. 120, 189, 239, 
283) vorgeaehen wlrd, daa mit dem Wflrmerege- 
nerator zuaammenwirkt, 80 daB eine Adaorber/ 
Regeneratorkombination gebildet wlrd, 

(b) daB in daa Arbeitavolumen ein Gasgemisch 
eingefQhrt wlrd (37, 126, 181, 243, 290) mit einer 
ersten Komponente, die von einem adsorbieren- 
den Materiel leichter adsorbiert wlrd, und einer 
zwarten Komponente, die weniger lelcht adsor- 
biert wird, 

(c) daB die zykliachen Druckanderungen und die 
zykliachen Strdmungaumkehrungen durch erste 
zykllsche Gaavolumenverschiebungen in Verbin- 
dung mit dem ersten Raum (20, 111, 163, 225, 
274) und durch zwelte zykllsche Gasvolumenver- 
schiebungen in Verblndung mtt dem zwelten 
Reum (15, 19; 113; 165; 208, 215; 275, 277) 
erzeugt werden, derert daB die ersten zykliachen 
Gasvolumenverschiebungen gegenOber den 
zwelten zyWischen Gaavolumenverschiebungen 
einen voreilenden Phaaenwinkel haben, 

(d) daB be! der Koordlnlerung der Phaaenrela- 
tion zwischen den zykliachen Druckfinderungen 
und der zykliachen Strdmungsumkehrung relativ 
zu der Regeneratorkombination gleichzeitig 
bevorzugt die erste Komponente an dem Adsor- 
berbett durch erhfihten Druck adsorbiert und 
stillgesetzt wird, wenn daa Gas in einer Richtung 

(72) strdmt und bevorzugt die erste Komponente 
durch Emiedrigen des Drucks desorbiert wird, 
wenn die StrCmungsrichtung umgekehrt wlrd 

(73) , und 

(e) daB von einem Endberetch (42, 133, 180, 
252, 276) der Regeneratorkombination eine erste 
Gasfraktion entfemt wird, die bezQglich der ersten 
Komponente angerelchert 1st und von dem ent- 
gegengesetzten Endbereich (41, 118, 174, 255, 
273) der Regeneratorkombination eine zwelte 
Gasfraktion, die bezQglich der ersten Kompo- 
nente verarmt 1st entnommen wird, wodurch In 
dem Gasgamlach auch eine Umwandlung 
zwischen thermlscher Energle und Kompree- 
slonsenergie herbeigefuhrt wird. 

3. Verfahren nach Anspruch 1 Oder 2, dadurch 
gekennzeichnet 

a) daB Wirme von dam ersten Raum zu dem 
zwelten Raum tranaportiert wird, wobei der erste 



Raum slch auf einer ersten Temperatur (TO befin- 
det und der zwelte Reum auf einer zwelten Tem- 
peratur fit), und 
b) daB die erate Gasfraktion, die bezQglich der 

8 ersten Komponenten angerelchert 1st eus der 
Nlhe eines zwelten Endbereichs (42, 133, 180, 252 
und 276) der Regeneratoricombination, der aich in 
der Nlhe des zwelten Raums beflndet wegge- 
schafft wlrd und die bezQglich der ersten Kompo- 

io nenten verarmte zwelte Ga8fraktion aus der Nihe 
einea zwelten Endbereichs (41, 1 18, 174, 265, 273) 
der Regeneratorkombination weggeschafft wird, 
der slch in der Nfihe des ersten Raums beflndet 
4. Verfahren nach Anspruch 1, 2 oder 3, ferner 

16 dadurch gekennzeichnet 

a) daB die zwelte Gasfraktion, die bezQglich der 
bevorzugt adsorbierten Komponente verarmt 1st, 
zu einer Zeh aua dem Arbeitsvolumen wegge- 
schafft wlrd, wenn der Druck slch etwa auf aeinem 

20 meximalen Wert fQr den Zyklus beflndet 

b) daB die bezQglich der leichter adsorbierten 
Komponenten angereicherte erate Gasfraktion 
weggeschafft wird, wenn der Druck annihernd 
einen Mlnlmalwert fQr den Zyklus hat 

25 5. Verfahren nach einen der vorgergehenden 
AnsprQche, ferner dadurch gekennzeichnst, 

a) daB zur Erzeugung der zykliachen Strd- 
mungsrichtungumkehr und der zykllschen Druk- 
kftnderungen In dem Arbeitsvolumen erste (13, 

90 106, 155, 208, 269) und zwelte (11, 106, 156, 212, 
272) Volumenverschiebungsmlttel, die mit dem 
ersten (20, 111, 163, 225, 274) bzw. dem zwelten 
(15, 19; 113; 165; 208, 215; 275; 277) Raum In 
Verblndung stehen, mit einer ersten bzw. mit 

35 einer zwelten Amplitude hln- und herbewegt 
werden, wobei daa Verhfiltnia der Amplitude der 
Verschiebungen annihernd glelch dem Verhilt- 
nls der hdheren Temperatur (Ti) zu der niedrtge- 
ran Temperstur (T t ) 1st wenn diese In Grad Kelvin 

40 angegeben sind, und wobei die ersten Volumen- 
verschiebungsmlttel den zwelten Volumenver- 
schiebungsmitteln urn einen Phasenwinkel von 
etwa 90" vorausellen. 

6. Verfahren nach einen der vorhergehenden 
46 AnsprQche, dadurchgekennzelchnat, 

e) deB daa Adsorberbett (34, 120, 189, 239, 283) 
physlsch in einer Kammer angeordnet wird, die 
den Wfirmegenerator (27, 119, 175, 283, 282) 
enthfitt, so daB die Regeneratorkombination eine 
so Integrate Einhett bfldet 

7. Verfahren nach einem der vorhergehenden 
AnsprQche, bei dem die Regeneratoricombination 
(27, 34; 119, 120; 175, 189; 238, 239; 282, 283) 
einen ersten (41, 118, 174, 256, 273) und einen 

58 zwelten (42, 133, 180, 252, 276) Endbereich atif- 
welst, die dem ersten (20, 111, 163, 225, 274) bzw. 
dem zwelten (16, 19, 113, 165, 208, 216; 276, 277) 
Raum zugeordnet sind, 
dadurch gekennzeichnst 

so e) daB der erste Raum auf einer hfiheren Tem- 
peratur gehalten wird als der zwelte Raum, 

b) daB die bezQglich der leichter adsorbierten 
ersten Komponente angerelchterte erste Gasfrak- 
tion 8U8 der Nlhe dea zwelten Endbereiche des 

85 Adsorberbetts und die bezQglich der ersten Kom- 
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ponente verarmte zwofte Gasfraktion aus der 
Nfihe des ersten Endbereichs des Betts wegge- 
schafft wird, 

c) und daB ein Tell dar dam ersten Raum 
zugefOhrten Wfirme In mechenlsche Arbeit oder 
Kompressionsarbelt umgewandelt wird, so daB 
man die Arbeitsweise etnes Motors erhfilt 

8. Verfahren nach einen der AnsprGche 1 bis 6, 
bei dem die Regeneratorkombinatlon (27, 34; 119, 
120; 175, 189; 238, 239; 282, 283) elnen ersten {41, 
118, 174, 255, 273) und elnen zweiten (42, 133, 
180, 252, 276) Endberelch aufweist, die dem 
ersten (20, 111, 163, 225, 274) bzw. dem zweiten 
(15, 19, 113, 185, 208, 215; 275, 277) Raum 
zugeordnet sind, 

dadurch gekennzeichnet, 

a) daB der erste raum a uf einer h6heren Tempe- 
ratur gehalten wird als der zwelte Raum, 

b) daB aus der Nfihe des zweiten Endbereichs 
der (Combination die bezugiich der leichter adsor- 
bierten ersten Komponenten angereicherte erste 
Gasfraktion entfernt und aus der Nfihe des Endbe- 
reiches der (Combination die bezOglich der ersten 
Komponenten verarmte Gasfraktion entfernt 
wird, 

c) daB WSrme von dem ersten Raum zu dem 
zweiten Raum transportiert wird, so daB man die 
Arbeitsweise eines Wfirmepumpenzyklus oder 
eines KOhlzyMus erhitt 

9. Verfahren nach Anspruch 8, dadurch gekenn- 
zeichnet, 

a) daB der erste Raum (20), der erste Endbe- 
reich (41) der Regeneratorkombinatlon sowie ein 
Tell (24, 28) der zwischen dem ersten Raum und 
dem ersten Endberelch veriaufenden Strdmungs- 
bahn (mittels 60) Isollert wird, urn in dem ersten 
Endberelch der Regeneratorkombinatlon daa 
Erreichen niedriger Temperaturen zu ermdgli- 
chen und die Gastrennung zu begOnstigen. 

10. Verfahren nach einem der vorhergehenden 
Anspruche. dadurch gekennzeichnet, 

(a> daB die Phasenrelatlon zwischen den Druck- 
und Strdmungsumkehrungen koordiniert wird, 
urn erste zykJlsche Gaevolumeneverschiebungen 
in der Nfihe eines ersten Endbereichs (118, 174) 
der Regeneratorkombinatlon (119, 120; 175, 189) 
zu erzeugen, die einen urn 180° vorausellenden 
Phasenverschiebungswinkel gegenOber zweiten 
zykiischen Gasvolumenverschiebungen haben, 
die in der Nfihe des entgegengesetzten zweiten 
Endbereichs (131, 180) der Regeneratorkombina- 
tlon erzeugt werden, wobei das Arbeitsvolumen 
Im wesentlichen konstant gehalten wird, und 

(b) daB ein Teil der dem relativ wfirmeren Raum 
(111, 163) zugefQhrten Wfirme in Kompressions- 
energfe umgewandelt wird, indem wenlgstens 
eine abgetrennte Gasfraktion zugefQhrt wird, 
daren Druck grdBer 1st als der Druck, mlt dem das 
Gasgemisch in den ProzeB eingefOhrt wird, so 
daB das Verfahren ale ein Thermo-Kompressorzy- 
klus eblfiuft 

11. Verfahren nach Anspruch 1, dadurch 
gekennzeichnet, 

(a) daB In elnem ersten Abschnitt (150) der 
Strdmungsbehn die Phasenrelatlon zwischen den 



Druck- und Strdmungsumkehrungen so koordi- 
niert wird, daB In der Nfihe eines ersten Endberel- 
ches (174) der Regeneratorkombinatlon Gasvolu- 
menverschiebungen erzeugt werden, die gegen- 

5 Ober zweiten zykiischen Gasvolumenverschie- 
bungen, die In der Nfihe dea entgegengesetzten 
Endbereichs der Regeneratorkombination erzeugt 
werden, einen um 180* vorausellenden Phasen- 
verschiebungswinkel haben, wobei dae ArbeKs- 

io volumen des ersten Abschnltts im wesentlichen 
(constant gehalten wird, 

(b) daB In einem zweiten Abschnitt (151) der 
Strdmungsbahn ein zwefter Wfirmegenerator 
(190) vorgesehen wird und in diesem zweiten 

is Abschnitt der Strdmungsbahn die Strdmungs- 
richtung zyklisch umgekehrt wird, so daB die 
Strdmungsrichtung zwischen entgegengesetzten 
Enden der Strdmungsbahn zyklisch wechselt, 
wobei der zwelte Wfirmeregenerator elnem War- 

20 megradlenten ausgesetzt wird, so daB der Gae- 
druck zwischen einer oberen und einer unteren 
Druckgrenze zyklisch variiert und In dem zweiten 
Abschnitt eine zweite Phasenrelatlon betteht, bei 
der erste zyklische Gasvolumenverschiebungen, 

28 die In der Nfihe eines ersten Endbereichs des 
zweiten Wfirmeregenerators (190) erzeugt 
werden, gegenOber zweiten zykiischen Gasvolu- 
menverschiebungen, die in der Nfihe des entge- 
gengesetzten zweiten Endbereichs des zweiten 

90 Wfirmeregenerators erzeugt werden; einen um 
180* vorausellenden Phasenverschiebungswinkel 
haben, wobei das zweite Arbeitsvolumen im 
wesentlichen konstant gehalten wird, 
(c) daB der erste und der zwelte Abschnitt (150, 

35 151) der Strdmungsbahn miteinander verbunden 
werden, um eine gewOnschte Phasenrelatlon 
zwischen den Strdmungsrtchtungsumkehrungen 
und den Druckfinderungen des ersten und des 
zweiten Abschnhts der Vorrichtung zu erhaKen, 

40 so daB fOr den Betrieb als Thermo-Kompressor 
grdfiere Rexibllitfit und Druckdifferenzen errelcht 
werden. 

12. Verfahren nach Anspruch 11, dadurch 
gekennzeichnet, 

4$ (a) daB In dem zweiten Abschnitt (151) der 
Strdmungsbahn Umkehrungbewegungen grOBe- 
rer Gasvolumina vorgesehen sind sis in dem 
ersten Abschnitt (150) der Strdmungsbahn, so 
daB Druckfinderungen eus dem zweiten Abschnitt 

60 Im ersten Abschnitt dominleren. 

13. Verfahren nach Anspruch 11 oder 12, 
dadurch gekennzeichnet, 

(a) daB in der Regeneratorkombination (175, 
189) des ersten Abschnhts (150) und in dem 

69 Wfirmegenerator (190) des zweiten Abschnltts 
(161) im wesentliche glelche Wfirmegradienten 
mlt Im wesentlichen gleichen oberen Temperatu- 
ren (Ti#T,) und Im wesentlichen gleichen unteren 
Temperaturen (Tt) vorgesehen werden, wobei der 

eo erste Raum (1 63, 168) jedes Abschnltts der oberen 
Temperaturen ausgesetzt wird, so daB man elnen 
Betrieb als Thermo-Kompressor mlt verbesserter 
Phasenrelatlon erhfilt 

14. Verfahren nach Anspmch 11 oder 12, 
66 dadurch gekennzeichnet, 
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(a) daB In dam arsten Abschnitt (150) dar 
Strdmungsbahn fOr die Regeneratorkomblnatlon 
(176, 189) ein Wfirmeg radiant zwischen einar 
oberen Temperatur (Ti) und einar unteren Tem- 
peratur (T 2 ) vorgesehen wird, wobei dar ersten 
Reum (163, 168) der niedrigeren Temperatur aus- 
gesetzt wird, und 

(b) daB in dam zweiten Abschnitt (151) der 
Vorrichtung in dam zweiten Regenerator (180) efn 
zwelter Wlrmegradient vorgesehen wird, bei 
dam der eraten reum (168) einer dritten Tempera- 
tur (T|) auagesetzt wird, die grofcer 1st ale die 
hdhare Temperatur (Ti) dea eraten Abschnltta, eo 
daft man auch einen Betrieb als Vullleumler- 
Kfiltemaschlne oder als Wfirmepumpe erh§H und 
Gastrennungen bei niedrigen Temperaturen 
durchgefOhrt warden. 

15. Verfahren nach Anspruch 1 oder 2, dadureh 
gekennzelchnet, 

(a) daB in einem zwischen entgegengesetzten 
eraten und zweiten Endbereichen (249, 252) der 
Regeneratorkomblnatlon liegenden mittleren 
Abschnitt (253) der (Combination eine Verblndung 
mit der Regeneratorkombination (238, 239) vorge- 
sehen wird, so daB erate und zweite Abschnitte 
(255, 256) der Kombination zwischen dem mhtei- 
eren Abschnitt (253) und dem ersten bzw. dem 
zweiten Abschnitt der Regeneratorkombination 
veriaufen, und 

(b) daB die Strdmungsrichtung in dem mittle- 
ren Abachnitt dar Kombination zyklisch umge- 
kehrt wird, ao daB die Strftmung durch den ersten 
und den zweiten Abschnitt der Kombination vari- 
lert 

16. Verfahren nach Anspruch 15, dadureh 
gekennzelchnet, 

(a) daB die zyldischen Str6mungsumkehrungen 
in dem mittleren Abschnitt (253) der Kombination 
relativ zu den zyklischen StrOmungsumkehrun- 
gen zu dem eraten Endberelch (259) der Regene- 
ratorkombination (238, 239) in Phase gehalten 
warden und 

(b) daB die Strdmungsrichtung in dem mittle- 
ren Abachnitt (253) zyklisch umgekehrt wird, ao 
daB mehr Gas durch den zweiten Abschnitt (256) 
der Kombination zirkullert als durch den ersten 
Abschnitt (255), so daB die WftrmestrOmung rela- 
tiv zu dem mittleren Abschnitt und dem ersten 
und dem zweiten Abschnitt der Kombination in 
dem mittleren Abschnitt zu einem Nettogewinn 
oder -veriust an Wfirme fOhrt 

17. Verfahren nach Anspruch nach Anspruch 
16, dadureh gekennzelchnet, 

(a) daB die Phasenbezlehung zwischen den 
zyklischen Str6mungsumkehrungen derart koor- 
diniert werden, daB die zyklischen Gasvolumen- 
verschiebungen in der Nine des ersten Endbe- 
relchs (249) der Regeneratorkombination (238, 
239) gegenOber den zyklischen Gasvolumenver- 
schlebungen In der NAhe des zweiten Endbe- 
reichs der Regeneratorkombination einen vorel- 
lenden Phaaenverschiebungswinkel haben, und 

(b) daB im Barelch des mittleren Abschnitts 
(253) und der zugehdrfgen Leftungen (231) eine 
isolation (259) vorgesehen wird, so daB die Tem- 



peratur Im Bereich dee mittleren Abschnitts und 
den zugehftrigen Leitungen nledrlger 1st ale die 
Temperaturen an den beiden Enden (293, 252) der 
Regeneratorkombination. 
5 18. Verfahren nach Anspruch 1 oder 2, dadureh 
gekennzelchnet, 

(a) daB in einer Reaktionszone, in der das 
Gasgemisch wenlgstens einen Reaktionspartner 
und wenlgstens ein Reaktionsprodukt enthilt, 

io von denen einer in dem adsorbierenden Material 
bevorzugt adsorblert wird, eine chemlsche Reak- 
tion durchgefOhrt wird, 

(b) daB der Reaktionspartner und das Reak- 
tionsprodukt durch parametrisches Pumpen Ober 

is dem adsorbierenden Material voneinander 
getrennt werden, urn bei der Reaktfon eine hohe 
Umwandlung zu erhalten, und • 

(c) daB relative zu der Reaktionszone ein Wir- 
metransport durchgefOhrt wird, um die Tempera- 

20 tur der Reaktionszone zu steuem. 

19. Verfahren nach Anspruch 1 oder 2, dadureh 
gekennzelchnet, 

(a) daB in einer Reaktionszone eine chemlsche 
Reaktfon herbelgefQhrt wird, in der daa Gasge- 

25 mlsch wenlgstens einen Reaktionspartner, wenlg- 
stens ein erwQnschtes Produkt einer erwOnachten 
chemischen Reaktfon und wenlgstens ein uner- 
wOnschtes Produkt einer Nebenreaktfon enthllt, 
wobei eines der Produkte in dem adsorbierenden 

jo Material bevorzugt adsorblert wird, 

(b) daB durch parametrisches Pumpen dae 
erwOnschte Produkt von der Reaktionszone weg- 
transportiert wird, um die Aufrechterhaltung dee 
Ungleichgewichts fOr die erwOnschte Reaktfon 

38 und damit eine hohe Umwandlung In das 
erwOnschte Produkt zu unterstOtzen, und 

(c) daB das unerwOnschte Produkt durch para- 
metrisches Pumpen In der Reaktionszone festge- 
helten wird, um eine Verzfigerung der uner- 

40 wOnschten Reaktfon in der Nine des Glelchge- 
wichts zu unterstOtzen und die Umwandlung in 
das unerwOnschte Produkt zu reduziereru 

20. Verfahren nach Anspruch 18 oder 19, 
dadureh gekennzelchnet, 

45 (a) daB zur ErhOhung der Reaktionegeschwtn- 
digkelt in der Reaktionszone (274) ein Katalyeator 
(308) vorgesehen wird. 

21. Verfahren nach Anspruch 18 oder 19, 
dadureh gekennzelchnet, 

60 (a) daB die chemlsche Reaktfon eine exotherme 
Reaktfon 1st und Reaktionswirme erzeugt und 

(b) daB die Reaktionszone im Endbereich des 
ersten Raums (274) liegt, so daB Reaktionswirme 
die Wlrme In dem ersten Raum vergrOBert, um 

58 den Betrieb ale Wirmekraftmaschine zu unter- 
stOtzen. 

22. Verfahren nach Anspruch 18 oder 19, 
dadureh gekennzelchnet, 

(a) daB die chemlsche Reaktfon eine endo- 
oo therme Reaktfon 1st und Reaktionswirme adsor- 
blert und 

(b) daB die Reaktionszone Im Bereich des zwei- 
ten Raums (275) liegt, ao daB die fOr die Reaktfon 
erforderilche Wirme von dem ersten Raum har- 
as antransportiert wird. 
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23. Verfahren nsch Anspruch 18 oder 19, 
dadurch gekennzelchnet, deB wenlgstens eln Pro- 
dukt der Reaktlon In einem KOhlraum (277) der 
Vorrlchtung verflOwigt wird, urn die Trennung 
des Produkta zu erieichtern. 

24. Verfahren nach Anspruch 1 oder 2, dadurch 
gekennzelchnet, 

(a) daS zwischen Abschnitten der Regenerator- 
kombination (27, 34; 119, 120; 282, 283) und der 
Gasstrftmung Wflrme entweder zu der ElnlaSein- 
rlchtung (37, 126, 290) oder der AuslaBeinrich- 
tung (48, 125) Qbertragen wird. 

25. Vorrichtung zum Trennen von Komponen- 
ten elne8 Gasgemischs mit einer ersten Kompo- 
nente, die von einem adaorbferenden Material 
(10, 102, 148, 201, 266) leichter adaorbiert wird, 
und einer zwelten Komponente, die weniger 
leicht adaorbiert wird, 

mit einem KArper mft einem inneren Arbeitsvo- 
lumen mit einem ersten (20, 111, 163, 225, 274) 
und einem zwelten (15, 19; 113; 165; 215, 227; 
275, 277) Raum, einer den ersten und den zwelten 
Raum verbindenden Strtmungsbahn und einem 
das absorbierende Material enthattenden Adsor- 
berbett, das zwischen den Rfiumen in den Strd- 
mungsweg angeordnet 1st, 

mit einer ElnlaBeinrichtung (37, 126, 181, 243, 
290) zum EInfOhren des Gasgemischs In das 
ArbeKsvolumen und einer AuslaBelnrichtung (45, 
48; 125, 138; 183, 187; 247, 248; 284, 284) zum 
Entnehmen von Gas in der Nahe der entgegenge- 
setzten Endbereiche (41, 42; 118, 133; 174, 180; 
255, 256; 273, 276) des Adsorberbetts, 

mit dem ersten und dem zwelten Raum zuge- 
ordneten Mttteln (13, 11; 106; 155, 156; 208, 212; 
269, 272) zur Volumenverschiebung, 

mit Mitteln (35, 110, 162, 221, 281) zur Erzeu- 
gung einer Hin- und Herbewegung, die mit der 
Elnrichtung zur Volumenverschiebung derart 
zusammenwlrken, daB zyklische Anderungen des 
Gesamtdrucks und zyklische Umkehrungen der 
Strdmungsrichtung des Gases erzeugt warden, 
wobel diese Mittel zum Hin* und Herbewegen 
elne solche Phasenbezlehung zwischen den zyldl- 
schen Anderungen des Gasdrudcs und der Rich- 
tung der Strfimung des Gases Qber dem Adsor- 
bs rbett herstellen, daB unter reduziertem Druck 
Ober das Adsorberbett in Richtung auf einem der 
Rfiume verlaufende StrOmung bezOglich der 
leichter adsorblerten ersten Komponente ange- 
relchert wird, wfihrend die unter emdhtem Druck 
Ober das Adsorberbett in Richtung auf den entge- 
gengesetzten Raum entgegengesetze Strfimung 
bezOglich der leichter adsorblerten ersten Kom* 
ponenten verarmt wird, 

wobel die Vorrichtung gekennzeichnet 1st durch 

(a) einen Wfirmeregenerator (27, 119, 176, 238, 

282) , der mft dem Adsorberbett zusammenwirfct 
und mit dlesem eine Adsorber/Regeneratorkom- 
blnation (27,34; 119, 120; 175, 189; 238,239; 282, 

283) bildet, die In der Str6mungsbahn zwischen 
den genannten Rfiumen Hegt, und eine Ifings der 
Strfimungsbahn flfeBende StrOmung aufnlmmt, 
und 

(b) Mittel, die den ersten und den zwelten Raum 



auf unterschledlichen Temperaturen (Ti, T a ) hal- 
ten und so die Regeneratorkombination einem 
Wfirmegradienten aussetzen, so daB die GasstrO- 
mung zusfitzllch mit den zyklischen Druck- und 

5 Rlchtungsfinderungen zyklischen Temperaturfin- 
derungen unterworfen 1st, wodurch die Trennung 
des Gasgemischs in eine bezOglick der ersten 
Komponente angereicherte erste Gesfraktion und 
eine bezOglich der zwelten Komponente ange- 

io reicherte zweite Gasfraktfon erleichtert wird, 
wobel 

(c) die Mittel (35, 110, 162, 221, 281) zur Erzeu- 
gung der Hin- und Herbewegung mit den ersten 
und zwelten Mitteln zur Volumenverschiebung so 

is zusammenwirken, daB letztere sich mit gleicher 
Frequenz hin- und herbewegen und das von den 
ersten Mitteln zur Volumenverschiebung bewegte 
Gasvolumen dem von den zwelten Mitteln zur 
Volumenverschiebung bewegten Gasvolumen 

20 mit einem zwischen Null und 180* liegendem 
Phasenwinkel vorausellt 

26. Vorrichtung (10, 102, 148, 201, 266) nach Art 
einer modlfizierten Stlrling-Kraftmaschlne 
mit einem Kftrper mit einem Internen Arbefta- 

25 volumen mit einem ersten (20, 111, 163, 225, 274) 
und einem zwelten (15, 19; 113; 165; 215, 227; 
275, 277) Raum, einer Strdmungsbahn zur gas- 
fOhrenden Verbindung des ersten mit dem zwel- 
ten Raum und einem in der Strdmungsbahn 

90 zwischen dem ersten und dem zwelten Raum 
angeordneten Wlrmegenerator (27, 119, 176, 238, 
282), wobel der erste und der zweite Raum auf 
unterschiedllchen Temperaturen (T v T a ) liegen, 
so daB der Regenerator einem Wfirmegradienten 

55 ausgesetzt 1st, 

mit ersten (13, 106, 155, 208, 269) und zwelten 
(11, 106, 156, 212, 272) Mitteln zur Volumenver- 
schiebung, die mit dem ersten bzw. dem zwelten 
Raum In Verbindung stehen, 

40 mit Mitteln (35, 110, 162, 221, 281) zur Erzeu- 
gung einer Hin- und Herbewegung, die mit den 
ersten und zwelten Mitteln zur Volumenverschie- 
bung derart zusammenwirken, daB letztere sich 
mit gleicher Frequenz hin- und herbewegen, um 

45 zyklische Anderungen des Geaamtdrucka und der 
Strfimungsrichtung des Geses zu erzeugen, 
wobel die Mittel zum Hin- und Herbewegen den 
Phasenwinkel zwischen den zyklischen Druckfin- 
derungen in dem Gas und der zyklischen Rlch- 

50 tungsfinderungen des Gases Ober dem Wirmere- 
generator bestimmen, 
dadurch gekennzeichnet, 
(a) daB eln Adsorberbett vorgesehen 1st, das 
adsorbierendes Material (34, 120, 189, 239, 283) 

65 enthfitt und im Zusammenwirken mit dem Wfir- 
meregenerator elne zwischen dem ersten und 
dem zwelten Raum angeordnete Adaorber/Rege- 
neratorkombination (27, 34; 19, 120; 176, 189; 
238, 239; 282, 283) bildet, 

oo (b) daB das Gas ein Gasgemlsch 1st mit einer 
ersten Komponente, die von einem adsorbleren- 
den Material leichter adsorbiert wird, und einer 
zweften Komponente, die weniger leicht adsor- 
biert wird, 

55 (c) daB elne EinlaBelnrichtung (37, 126, 181, 
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243, 290) fQr die ZufQhrung des Gesgemischs In 
das Arbeltsvolumen sowie eine AuslaBelnrich- 
tung (45, 48; 125, 138; 183, 187; 247, 248; 284, 
285) zur Ausgabe von Gasfraktionen an entgegen- 
gesetzten Endbereichan der Regenerate rkombl- 
nation vorgesehen sind, 

(d) daB die Mlttei rum Hin- und Harbewegen die 
Gssstrftmung zykllachan Druck- und Rlchtungs- 
umkehrungen unterwerfen, so daft die eine erate 
Gasfraktion, die unter vermindertem Druck durch 
die Regeneratorkombination zu einem der betden 
RSume strdmt bezQglich der eraten Komponente 
angereichert und durch eine AuslaBeinrichtung 
susgegeben wird und eine zweite Gasfraktlon, die 
unter erhOhrem Druck durch die Regenerator- 
kombination zu dam anderen Raum strimt 
bezQglich der ersten Komponente verarmt und 
die zweite Gasfraktlon durch eine andere AusleB- 
einrichtung auagegeben wird, und 

(e) daB dit Mlttei (35, 110, 162, 221, 281) zur 
Erzeugung der Hin- und Herbewegung mit den 
ersten und zweiten Mitteln zur Volumenverschie- 
bung ao zuaammanwirken, daB letztere aich mit 
gleicher Frequenz hin- und harbewegen und daa 
von den ersten Mitteln zur Volumenverachiebung 
bewegte Gasvolumen dem von den zweiten Mit- 
teln zur Volumenverschiebung bewegten Gasvo- 
lumen mit einem zwiachen Null und 180* 
liegendem Phasenwinkel vorauaeilt 

27. Vorrichtung nach Anspruch 25 oder 26, 
dadurch gekennzeichnet daB die Mlttei zur Volu- 
menverachiebung elner erste (13, 106, 155, 208, 
269) une eine zweite (11, 106, 156, 212, 272) 
Volumenverschiebungseinrichtung umfassen, die 
mit dem ersten bzw. dem zweiten Raum in Ver- 
bindung stehen. 

28. Vorrichtung nach Anspruch 26, 26 oder 27, 
gekennzeichnet durch 

(a) eine Steuerelnrichtung (140), die mit einer 
AusiaBventileinrlchtung (43, 46; 123; 129; 139; 
184, 188; 250, 251) derart zusammenwirken kann, 
daB die bezQglich der leichter adsorbierten Kom- 
ponente verarmte zweite Gasfraktlon zu einer Zelt 
aua dar Nfihe des ersten Raums entfemt wird, in 
der der Druck annfihernd seinen M8ximalwert 
innerhalb des Zyldua hat und die bezQglich der 
leichter adsorbierten Komponente angereicherte 
Gasfraktlon bus der Nfihe des zweiten Raums 
entfemt wird, wenn der Druck Innerhalb des 
Zyklus annfihernd seinen Mlnlmatwert hat 

29. Vorrichtung nach einem der AnaprOche 25 
bis 28, gekennzeichnet durch 

(a) in der Regeneratorkombination (27, 34; 119, 
120; 282, 283) angeordnete Hilfswirmetauscher 
(50, 121, 296) zur Obartragung von Wfirme 
zwischen Abschnitten der Regeneratorkombina- 
tion und der GaestrGmung entweder relativ zu der 
ElnlaBeinrichtung oderzu der AualaBelnrlchtung. 

30. Vorrichtung nach einem der AnaprOche 25 
bis 29, dadurch gekennzeichnet 

a) daB die Mlttei (35) zum Hin- und Herbewe- 
gung mit den Mitteln (11, 13) zur Volumenver- 
schiebung so zuiammenwirken, daB Wfirme aus 
dem ersten Raum (20) in den zweiten Raum (15, 
19) gepumpt wird, und 



(b) daB dem eraten Raum Mlttei zur Wirmeiso- 
lierung (60) zugeordnet sind, die eine Tempera- 
turemledrigung des ersten Raums und eine 
Gastrennung bei verringerter Temperatur ermfig- 
6 lichen. 

31. Vorrichtung nach einem der AnsprQche 25 
bis 30, gekennzeichnet durch 

(a) Mrttelzur Aufrechterhaltung einer Tempera- 
tur (Ti) in dem ersten Raum (20, 225, 274), die 

io hdher 1st ala die Temperatur (T t ) des zweiten 
Raums (15, 19; 115, 227; 275, 277), und 

(b) Mlttei (11, 212, 272) zur Energieumwand- 
lung, die mit dem ersten und zweiten Raum 
zusammenwirken, urn die auf h6herer Tempera- 

15 tur befindliche Wfirme teilweise in mechanische 
Arbeit oder in Kompressionsenergfe umzuwan- 
deln, so daB man einen Betrieb ala Motor erhfilt 

32. Vorrichtung nach Anspruch 25, dadurch 
gekennzeichnet 

20 (a) daB die Mfttel zur Volumenverschiebung 
eine doppeltwirkende Verdrfingereinrlchtung 
(106, 155) 1st so daB der Phasenwinkel zwischen 
der ersten und der zweiten Gasvolumenverschie- 
bung 180° betrfigt 

25 (b) daB ein Verdrfingerzytinder (104, 153) vorge- 
sehen 1st der mit entgegengesetzten Endberei- 
chan (118, 133; 174, 180) der Regeneratorkombi- 
nation und mit der doppeltwirkenden Verdringe- 
relnrichtung so zusammenwirkt daB letzterer der 

90 ersten (111, 163) und den zweiten (113, 165) Raum 
voneinander trennt und 

(c) daB die Temperatur (Ti) Raums 
(111, 163) hdher 1st ala die Temperatur (T a ) des 
zweiten Raums (1 13, 165), so daB man ein Betrieb 

as a Is Thermo-Kompressor erhfllt 

33. Vorrichtung nach Anspruch 32, dadurch 
gekennzeichnet 

(a) daB der Wlrmegradlent der Regenerator- 
kombination (175, 189) durch die dem ersten (163) 

40 bzw. dem zweiten (165) Raum zugeordnete erste 
(Ti) bzw. zweite (Tt) Temperatur bestimmt wird, 
wobei die Regeneratorkombination und der 
genannte Verdringungszyllnder einen ersten 
Abschnitt (150) der Strdmungsbahn bilden, 

45 (b) daB ein zweiter Abschnitt (151) der Strd- 
mungsbahn eine zweite doppeltwirkende Ver- 
drftngereinrichtung (156) und einen zweiten Ver- 
drfingungszylinder (154) enthfilt wobei die zweite 
doppeltwirkende Verdrfingereinrlchtung Inner- 

bo halb des zweiten Verdrflngerzylinders hin- und 
herbewegbar 1st 

(c) daB ein zweiter Wfirmeregenerator (190) 
vorgesehen 1st, der mit entgegengesetzten End- 
bereichen des zweiten Verdrfingungszyiinders 

66 zusammenwirkt und einem zweiten Wfirmegra- 
dienten ausgesetzt 1st der durch die zweite Tem- 
peratur (Ti) und eine drltte Temperatur (T«) 
bestimmt 1st wobei die dritte Temperatur Im 
Wesentlichen glelch der ersten Temperatur 1st 

$0 und 

(d) daB elner Leltungaanordnung (172) den 
ersten und den zweiten Abschnitt (150, 151) der 
Strdmungsbahn miteinander verbindet und die 
erste und die zweite doppeltwirkende Verdrfinge- 

66 reinrichtung und die Mlttei zur Hin- und Herbewe- 
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gung unter einem Phaaenwinkel zuaammenwlr- 
ken, der zykllache Druckfinderungen und Rich- 
tungsumkehrungen der Gasstrfimung Ober die 
Regeneratorkombtnation koordlniert urn die 
Trennung der Komponenten zu verbeaaern. 

34. Vonichtung nach Anspruch 32, dadurch 
gekennzeichnet, 

(a) daB der Wfirmegradient der Regenerator* 
komblnatlon (175, 189) durch die dem eraten (163) 
bzw. dem zweiten (165) Raum zugeordnete erate 
T,) bzw. zwefte (TJ Temperatur bestimmt wird, 
woboi die zweite Temperatur in der Nfthe der 
Umgebungetemperatur liegt 

(b) daB eln zweiter Abachnitt (151) der Strft- 
mungabahn eine zweite doppeltwirkende Ver- 
drfingerelnrichtung (156) und einen zweiten Ver- 
drfngungazylinder (1 54) enthfih, wobei die zweite 
doppeltwirkende Verdringereinrichtung inner* 
halb dea zweiten Verdringerzylindera hin- und 
herbewogbar iat 

(c) daB ein zweiter Wirmeregeneretor (190) 
vorgesehen 1st der mit entgegengesetzten End- 
bereichen dea zweiten Verdr&ngungszyitndera 
zu8ammenwirkt und elnem zweiten Wirmegra- 
dienten auageaetzt iat der durch die zweite Tem- 
peratur (T t ) und eine dritte Temperatur (T*) 
bestimmt iat, wobei die dritte Temperatur grd&er 
iat ala die Umgebungetemperatur, und 

(d) daB Mittel (195) vorgeaehen aind, die Vor- 
richtung Wirme mit der dritten Temperatur 
zufOhren, to daB die Verdringereinrichtung und 
die Mittel zur Hin- und Herbewegung ao betrieben 
warden, daB aowohl ecfe Gaatrennung aia auch 
eine KOhlmaschinenfunktion erreicht werden. 

35. Vonichtung nach Anspruch 33 oder 34, 
dadurch gekennzeichnet 

(a) daB die zweite doppeltwirkende Verdrfinge- 
reinrichtung (165) eine groBere Verdringung hat 
ala die erate doppeltwirkende Verdrfingereinrich- 
tung (155), ao daB ale fOr die Anderungen der 
Gaastrftmung und dea Gaadrucka in dem Arbeita- 
volumen domlnierend iat 

36. Vonichtung nach elnem der An8pr0che 25 
bia 35, dadurch gekennzeichnet, 

(e) daB die Adsorber/Regeneratorkombination 
(238, 239) einen mittleren Abachnitt (253) airf- 
weiat, der zwiachen den entgegengeaetzten 
eraten (249) und zweiten (256) Endbereichen der 
Regeneratorkombinatlon ao angeordnet 1st, diB 
der erate (255) und der zweite (256) Abachnitt der 
Regeneratorkombinatlon zwiachen dem mittleren 
Abachnitt und dem eraten bzw. dem zweiten 
Endberelch der Regeneratorkombinatlon Hegen, 
und 

(b) daB daa Arbeltavolumen einen dritten Raum 
(229) umfaBt der Ober eine Zwiachenleitung (231) 
mit dem mittleren Abachnitt verbunden Iat, wobei 
die Mittel (208) zur Volumenverachlebung Im 
Zuaammenwirkan mlt dem dritten Raum zyWI- 
ache StrOmungarichtungaumkehrungen dea 
Gaaaa zwiachen dem dritten Raum und dem 
mittleren Abachnitt erzeugen. 

37. Vorrichtung nach Anspruch 36, dadurch 
gekennzeichnet, 

(a) daB die Mittel (221) zur Erzeugung der Hln- 



und Herbewegung mit den Mltteln (208) zur Volu- 
menverachlebung ao zu8ammenwirken, daB die 
zykliachen Stromungsumkehrungen zwiachen 
dem dritten Raum (229) und dem mittleren 

5 Abachnitt (253) der Regeneratorkombinatlon 
gleichphaaig gehatten werden mit den zykliachen 
Strdmungsumkehrungen zwiachen dem eraten 
Raum (225) und dem eraten Abachnitt (255) der 
Komblnatlon, und 

io (b) daB die Mittel (208) zur Volumenverachle- 
bung derart mit dem eraten (227), dem zweiten 
(216) und dem dritten (229) Raum zuaammenwlr- 
ken, daB die Gesstromung durch den zweiten 
Abachnitt (256) der Kombinatln gr6Ber iat ala 

n durch den eraten Abachnitt der Komblnatlon. 

38. Vorrichtung nach Anapruch 37, dadurch 
gekennzeichnet 

(a) daB die Mittel (221) zur Hin- und Herbewe- 
gung mlt den Mltteln (208) zur Volumenverachl*- 

zo bung derart zuaammenwlrken, daB zyldlache Gaa- 
volumenverachlebungen in der Nflhe dea eraten 
Endberelcha (249) der Regeneratorkombinatlon 
(238, 239) einen den zykliachen Gasvolumenver- 
schiebungen in der Nfihe dea zweiten Endbe- 

28 relcha (252) der Regeneratorkombinatlon voraua- 
eilenden Phaaenverachiebungawinkel haben,und 

(b) daB im Berelch dea mittleren Abachnitts 
(253) und der Zwiachenleitung (231) laoliermittel 
(265) vorgeaehen aind, ao daB die Temperatur Im 

90 Berelch dea mittleren Abachnltta und der 
Zwiachenleitung im Vergleich zu der Temperatur 
an den beiden Enden der Regeneratorkombina- 
tlon abgeaenkt 1st 

39. Vorrichtung nach einen der AnaprOche 25 
38 bia 38, gekennzeichnet durch 

(a) Mittel zur HerbeifOhrung einer chemiachen 
Reaktion In einer Reaktionazone In dem Arbelta- 
volumen, In der daa Gaagemlach wenigatena 
einen Reakdonapartner und wenigatena eln Pro- 

40 dukt der chemiachen Reaktion enthllt wobei 

(b) die Regeneratorkombination (282, 283) ao 
auagebildet iat daB aie wenigatena einea der 
Produkte adaorblert und ao wenigatena ein Tell 
dea Produkta von dem Gaagemlach getrennt wfrd, 

48 urn die Reaktion eua dem GleichgewichtzufOhren 
und hohen Umwandlungagrad zu erzieien. 

40. Vorrichtung nach Anspruch 39, dadurch 
gekennzeichnet 

(a) daB zur Erhfihung der Reaktlonsgeachwin- 
so dlgkeit in der Reaktionazone (274) ein Katalyaator 
(308) vorgeaehen slnd. 

41. Vorrichtung nach Anapruch 39, dadurch 

gekennzeichnet 

(a) daB die chemiache Reaktion eine exotherme 
88 Reaktion 1st und Reaktionswirme erzeugt und 

(b) daB die Reaktionazone in der NIhe dea 
eraten Rauma (274) dea Arbeitavolumena liegt 
urn dem eraten Raum Wfirme zuzufOhren und ao 
einen Telia der Reaktionawlrme in mechanlache 

$o Energle umzuwendeln. 

42. Vorrichtung nach Anapruch 39, dadurch 
gekennzeichnet 

(a) daB die chemlsche Reaktion eine endo- 
therme Reaktion 1st und 
88 (b) daB die Reaktionazone in dem zweiten Raum 
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(275) Hegt so daB fOr die Reaktion bendtigte 
Wirme durch Wlrmepumpwlrkung aua dam 
ersten Raum In dan zweiten transportlert wlrd. 

43. Vorrlchtung nach Anspruch, gekennzeichnet 
durch 

(a) eine Kondensatoreinrichtung (302) dla mlt 
dam zweiten Raum (275) dar Vorrtchtung to 
zusemmenwlrkt daB wenigstens etn Produkt dar 
Reaktion verflOssigt und so die Trennung des 
Produkts erlelchtert wlrd. 

44. Vorrlchtung nach elnem der AnsprQche 25 
bis 43, dadurch gekennzeichnet 

(a) daB die Mittel zur Volumenverschiebung 
erste (13, 106, 155, 208, 269) und zwefte (11, 106, 
156, 212, 272) Volumenverschlebungeeinrichtun* 
gen umfassen, die mlt de reel ben Frequenz und 
korrespondierenden Bewegungaamplituden mit 
einem Phasenverschlebungswinkel von etwa 90* 
hin- und herbewegbar aind, wobei die ersten und 
die zweiten Verschlebungsmittel mit dem ersten 
bzw. dem zweiten Raum verbunden sind, und 

(b) daB das Verhiitnis der Bewegungaamplitu- 
den der ersten und zweiten Verschlebungsmittel 
etwa gleich dem Verhflltnis der hfiheren Tempo- 
ratur zu der niedrigeren Temperatur der Rlume 
ist wenn diese in Grad Kelvin auagedrOckt 
werden. 

45. Vorrlchtung nach elnem der AnsprOche 25 
bis 44, dadurch gekennzeichnet 

(a) daB die Regeneratorkombinatlon eine das 
adsorbierende Material (34, 120, 189, 139, 283) 
enthaltende Kammar besitzt, die mit dem Wfirme- 
regenarator (27, 119, 175, 238, 282) eine Elnheit 
bildet 

Revindications 

1. Procld* de separation de constituents d'un 
m*lange de gaz contenant un premier constituent 
qui est adsorb* plus facilament et un second 
constituent qui est adsorb* moins fecilement par 
une metiire adsorbante, la proc*d* comprenant 
les Stapes suivantes: 

llntroductlon (37, 126, 181, 243, 290) du 
melange de gaz dans un volume de travail ayant 
un trajet de circulation contenant la matiere 
adsorbante (34, 120, 189, 239, 283) dfspos*e dans 
un lit adsorbent, 

^inversion cydlque du sens de circulation du 
melange de gaz sufvent le trajet de circulation afin 
que le sens de circulation alterne entre les extr*- 
mites opposees du trajet de circulation avec 
variation cyclique de la presslon totale du 
melange de gaz antra des limltes sup*rieure et 
inferieure de presslon dans le volume de travail, 

la coordination aimultanee d'une relation de 
phase entre les variations cydlques de presslon et 
les Inversions cydlques de circulation dans le lit 
adsorbent afin que le premier constituent soit 
adsorb* pr eferentiellement et Immobilis* par une 
presslon accrue appiiquee au lit adsorbant lore- 
que le gaz e'lcoule dens un premier sens (72) et le 
premier constituent est pr*f*rentiellement 
d*sorb* lorsque la presslon est r*duite et la 
circulation est invars*© (73), 



I'extrection, a proxlmft* d'une premfdre extr*- 
mit* (42, 133, 180, 252, 276) du lit adsorbant 
d'une premi*re fraction gazeuae enrichle en pre- 
mier constituent et I'extraction, * proximit* de 

5 l'extr*mit* oppos*e (41, 118, 174, 255, 273) du lit 
adsorbant d'une eeconde fraction gazeuae 
eppauvrie en premier constituent 

la disposition, dans le trajet de circulation, (fun 
premier (20, 111, 163, 225, 275) et d'un second 

io (15, 19, 113; 165; 208, 215; 275, 277) espace 
plac*a pr*a des extr*mit*e adjacentes d'une com- 
binalson formant r*g*n*rateur, cea especes *tant 
a des temp*ratures diff*rentes afin que la combJ- 
naison formant r*g*n*rateur solt expos** a un 

15 gradient thermlque, et 

la circulation du courant de gaz dans lesdits 
especes en serie avec le combinaison formant 
r*g*n*rateur, le proc*d* etant caract*ris* en ce 
qull comprend 

20 le disposition, dans le trejet de drculation, d'un 
r*g*n*rataur thermlque (27, 119, 175, 238, 282) 
destln* * coop*rer avec iedlt adsorbant afin qui) 
cree une combinaison formant edaorbant-r*g*n*- 
rateur (34, 27; 120, 119; 189, 175; 239, 238; 283, 

26 282), 

la drculation, dane la combinaison formant 
adsorbant-r*g*n*rateur, du courant qui s'*coule 
le long du trajet de drculetion, et 
le cr*ation des variations cydlques de presslon 

so et dee Inversions cydlques de drculation par des 
premiers d*ptacementa cydlques d'un volume de 
gaz, assod*8 au premier espace (20, 111, 163, 
225, 274) et par des seconds defacements cydl- 
ques d'un volume de gaz essod*es su second 

35 espace (15, 19; 113; 165; 208, 215; 276, 277), afin 
que lea premiere ddplacementa cydlques (fun 
volume de gaz alent un angle de phase en avance 
par rapport aux eeconde d*piacaments cydiquee 
d'un volume de gaz, el bien que le courant de gaz 

40 est soumis * des Inversions cydlques de tempera- 
ture, avec lea Inversions cydlques de presslon et 
de sens, si bien que la s*peration du gaz en une 
premtere et une seconde fraction eat f acilh*e, et la 
conversion entre l'*nergie thermlque et l'*nergle 

48 de compression est facilit*e dane le m*lange de 
gaz. 

2. Proc*d* de mise en oeuvre d'une machine * 
cycle modifl* de Stilling dans laquelte un volume 
interne de travail contenant un gaz a un trajet de 

so circulation qui comprend un premier espace (20, 
111, 163, 226, 274) et un second espace (16, 19; 
113; 165; 208, 215; 275, 277) et un r*g*n*rateur 
thermlque (27, 119, 175, 238, 282) plac* entre lee 
espaces, le premier et le second espacea *tant i 

55 des temperatures dtff*rentes afin que le r*g*n*re- 
teur soit expos* * un gradient thermlque, le 
proc*d* comprenant lee *tapes suivantes: 

inversion cydique du sens de circulation du 
gaz le long du trejet de drculetion afin que le sens 

00 da drculation alterne entre les extr*mlt*s oppo- 
s*es du trejet de drculetion, et 

la variation cydlque de le presslon du gez entre 
des limltes eup*rleure et lnf*rieure de presslon 
dsns le volume de travail afin qull exists une 

65 relation de pheae entre les variations cydiquee de 
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pression et les Inversions cycliques do circulation 
relatives aux rSgSnSrateurs thermfques, le pro* 
cSd* Stent caractSrisS par 

(a) la disposition, entre lesdhs espaces, d'un lit 
adsorbant contenant una matters adsorbents (34, 
120, 189, 239, 283) et destinS a coopSrer avec le 
rSg SnSrateur thermlque afin qu'ils constituent une 
comblnaison formant adsorbant-rSgSnSrateur, 

(b) ('introduction (37, 128, 181, 243, 290) dans le 
volume de travail, d'un mSlange de gaz contenant 
un premier constituent qui est adsorbs plus facile- 
ment par le matters adsorbante et un second 
constituent qui est adsorbs moins fadlement par 
la matters adsorbante, 

(c) le crSation des variations cycliques de pres- 
sion et des inversions cycliques ds circulation par 
des premiers dSplecements cycliques d'un 
volume de gaz associSs au premier espace (20, 
111, 163, 225, 274) et par des seconds dSplace- 
ments cycliques d'un volume de gaz associSs au 
second espace (15, 19; 113; 165; 208, 215; 276, 
277) afin que les premiers dSplecements cycliques 
d'un volume de gaz prSsentent un angle de phase 
en avance par rapport aux seconds dSplecements 
cycliques d'un volume de gaz, 

(d) slmuhanSment, lore de la coordination de la 
relation de phase entre les variations cycliques de 
pression et tes inversions cycliques de sens de 
circulation relatives ft la comblnaison formant 
rSgSnSrataur, I'adsorptlon et (Immobilisation prS- 
fSrentielles du premier constituent feur le lit com- 
binS par augmentation de la pression lorsque le 
gaz circule dens un premier sens (72) et la 
dSsorptlon prSfSrentielle du premier consituant 
par reduction de la pression lorsque le sens de 
circulation est inversS (73), et 

(e) I'extraction, ft partird'une premtere extrSmitS 
(42, 133, 180, 252, 276) de la comblnaison formant 
rSgSnSrateur, d'une premtere fraction gazeuse 
enrichie en premier constituant, et I'extraction, de 
I'extrSmltS opposSe (41, 118, 174, 255, 273) de le 
comblnaison formant rSgSnSrateur, d'une 
seconds fraction gazeuse appauvrle en premier 
constituant, si bien qu'une conversion entre I'Sner* 
gie thermlque et I'Snergie de compression est 
sussi obtenue dans le mSlsnge de gaz. 

3. ProcSdS selon le revendication 1 ou 2, caractS- 
risS en outre par 

(a) le transport de chaleur du premier espace au 
second espace, le premier espace Stent ft une 
premtere tempSrature (T,) et le second espace 
Stant ft une second tempSrature (T s ), et 

(b) I'extraction de la premtere fraction gazeuse 
enrichie en premier constituent de la proximttS 
d'une seconde extrSmftS (42, 133, 180, 252, 276) de 
la comblnaison formant rSgSnSrataur qui est adja- 
cente eu seconde espace, et I'extraction de la 
seconde fraction gazeuse appauvrle en premier 
constituant de la proximftS d'une premtere extrS- 
mitS (41, 118, 174, 255, 273) de le comblnaison 
formant regSnSratsur, qui est edjecente eu pre- 
mier espace. 

4. ProcSdS selon la revendication 1, 2 ou 3, 
caractSrisS en outre par 

(e) I'extraction de la seconde fraction gazeuse 



appauvrle en constituant adsorbs prSfSrentlelle- 
ment du volume de travail au moment oft le 
pression eat approximativement maximale dans le 
cycle, et 

$ (b) I'extraction de la premtere fraction gazeuse 
enrichie en constituant adsorbs le plus facilement 
lorsque la pression est approximativement mini- 
male au cours du cycle. 
5. ProcSdS selon Tune quelconque des revendl- 

w cations prScSdentes, caractSrisS en outre en ce 
que 

(a) pour (a crSation des inversions cycliques de 
sens de circulation et des variations de pression 
dans le volume de travail, un premier dlsposltff 

rs (13, 106, 155, 208, 269) et un second dlsposrtif (11, 
106, 156, 212, 272) de dSplacement volumique 
sont dSplacSs en translation afin qu'ils communl- 
quent avec le premier espace (20, 111, 163, 225, 
274) et le second espace (16, 19; 113; 165; 206, 

20 215; 275, 277) respectivement pour une premtere 
et une seconde amplitude de dSplacement altema- 
tif respectivement, le rapport des amplitudes des 
dSplacements Stant approximativement Sgal au 
rapport de le tempSrature la plus SlevSe (Ti) ft la 

25 tempSrature la plus faible (T 2 ) exprlmlSes en 
kervins, et le premier dispositif de dSplacement 
volumique ft un angle de phase en avance d'envi- 
ron 90" par rapport au second disposltlf de dSpla- 
cement volumique. 

so & ProcSdS selon Tune quelconque dee revendl- 
cattons prScSdentes, caractSrisS en outre per 

(e) le disposition du lit adsorbant (34, 120, 189, 
239, 283) physiquement dens une chambre conte- 
nant le rSgSnerateur thermlque (27, 119, 176, 283, 

3S 282) afin que le comblnaison formant rSgSnftra- 
teur forme un ensemble solidaire. 

7. ProcSdS selon Tune quelconque des revendt- 
cationa prScSdentes, dans lequel la comblnaison 
formant rSgSnSrataur (27, 34; 119, 120; 175, 189; 

40 238, 239; 282, 283) a une premtere extrSmrtS (41, 
118, 174, 255, 273) et une seconde extrSmrtS (42, 
133, 180, 252, 276) assodSes au premier espece 
(20, 1 1 1 , 1 63, 226, 274) et eu second espece (15, 19, 
1 13; 165; 208, 216; 275,277) respectivement, et qui 

4$ se caractSrisS en outre en ce qu'll comprend: 

(a) le malntien du premier espace ft une tempe- 
rature supSrieure ft cede du second espace, 

(b) I'extraction de la premtere fraction gazeuse 
enrichie en premier constituent le plue facilement 

bo adsorbs depuls la proxImltS de la seconde extrt- 
mitS du lit, et I'extraction de la seconde fraction 
gazeuse appauvrle en premier constituant de la 
proximMS de la premtere extrSmrtS du lit, et 

(c) la transformation d'une certaine quantitS de 
as la chaleur foumle au premier espece en travail 

mecanlque ou en travail de compression afin 
qu'un fonctionnement d'un cycle moteur sort 
obtenu. 

8. ProcSdS selon Tune quelconque des revendi- 
$o cations 1 ft 6, dsns lequel la comblnaison formant 

rSgSnSrateur (27, 34; 119, 120; 176, 189; 238, 239; 
282, 283) a une premtere extrSmrtS (41, 118, 174, 
255, 273) et une seconde extrSmitS (42, 133, 180, 
252, 276) qui sont assodSes respectivement au 
65 premier espace et au second espace, et qui eat en 
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outre caracterise en ce qu'il comprend 

(a) le maintfen du second eapace ft une tempe- 
rature superieure ft celle du premier espace, 

(b) 1'extraction, de la proximite de la seconda 
extremite de la combinafson, de la premlftre s 
fraction gazeuse enrichie en premier constituent 
adsorb* le plus facllement, et I'extractlon, de la 
proximity de la premiere extn§mit6 de la combl- 
nelson, de la seconde fraction appauvrie en pre- 
mier constituent, et w 

(c) le transport de cheleur du premier espace au 
second afin qu'un cycle de pompe ft chaleur ou un 
cycle de refrigeration soit obtenu. 

9. Procftde salon le revendlcation 8 f caractftrtse 

en outre en ce quit comprend is 

(a) Hsolement (60) du premier espace (20), de la 
premiftre extremite (41) de le combinaison for- 
mant r6g£n6rateur et d'une pertle (24, 28) du 
trajet de circulation comprie entre le premier 
espace et la premlftre extr6mitft afin que de 20 
basses temperatures puissant fttre obtenues ft la 
premiftre extrimttft de la combinaison etfacflitent 
la separation du gar 

10. Procede selon l*une quelconque des reven- 
d?catIon8 pr6cedentee, caracterise en outre en ce 2s 
qull comprend 

(a) la coordination de la relation de phase entre 
lea Inversions de presslon et de courant afin que 
des premiers deplacements cyctlques (fun 
volume de gez solent crees ft proximite d'une so 
premiere extremite (118, 174) de la combinaison 
formant regenerateur (119, 120; 175, 189) bvsc un 
angle de phase de defacement en avance de 180* 

par rapport aux seconds deplacements cyctlques 
(fun volume de gez crees A proximite de la ss 
seconde extremite opposee (133, 180) de la com- 
binaison formant regenerateur, et le maintlen du 
volume de travail ft line valeur pratlquement 
constant at 

(b) la transformation d'une pertle de le cheleur 40 
fbumie * I'espace relativement chaud (111, 163) 

en travail de compression par transmission tfau 
moins une fraction gazeuse s6paree ft une pres- 
slon eiev6e par rapport ft la presslon ft laquelle le 
melange de gaz est introduit afin qu'un cycle de 48 
compressaur thermique soit obtenu. 

11. Procede selon la revendlcation 1, caract6rise 
en outre en ce qull comprend 

(a) dans une premiere partie (150) du trajet de 
circulation, la coordination de le relation de phase so 
entre les inversions de presslon et de sens de 
circulation de mani&re que des premiers deplace- 
ments cycllques (fun volume de gaz solent crees 

a proximite d'une premiere extremite (174) de le 
combinaison formant regenerateur evec un engle ss 
de phase de d6placement en avance de 180* per 
rapport aux seconds deplacements cycllques d'un 
volume de gaz crees ft proximite de le seconde 
extremke opposee de le combinaison, et le main- 
tlen du volume de travail de la premiere partie ft so 
une valeur pratlquement constants, 

(b) dans une seconde partie (151) du trajet de 
circulation, la disposition (fun second regenera- 
teur thermique (190) et la creation, dans la 
seconde partie du trajet de circulation, d'une ss 



Inversion cycllque du sens de circulation afin que 
le sens de circulation alterne entre les extremites 
opposftes du second trajet de circulation, et ^ap- 
plication au second regenerateur, d'un gradient 
thermique tel que le presslon du gaz varle cycll- 
quement entre des limites superieure et Infft- 
Heure, si bien qu'une seconde relation de pheee 
existe dans la seconde pertle dens laquelle les 
premiers deplacements cycllques d'un volume de 
gez crees ft proximite de le premiere extremite du 
second regenerateur (190) presentent un engle de 
phase de deplecement en avance de 180* per 
rapport ft des seconds deplacements cycllques 
d'un volume de gaz crees pros de le seconde 
extremite oppos6e du second r6frig6rateur, et le 
maintlen du second volume de travail ft une 
valeur pratlquement constants, et 

(c) la mise en communication de la premiere et 
de la seconde partie (150, 151) du trajet de 
circulation afin que le relation voulue de phase 
soit obtenue entre les Inversions de sens de 
circulation et lee variations de presslon de la 
premiers et de le seconde partie de I'apparell, si 
bien que le souplesse est accrue et que les 
differences de presslon pouvant fttre utlllsees 
dans un compresseur thermique sont accrues. 

12. Procede selon le revendlcation 11, ceract*- 
rise en outre en ce qull comprend 

(e) le disposition, dans la seconde partie (161) 
des Inversions du trajet de circulation, de plus 
grands volumes de gaz que dans la premiere 
pertle (150) du trajet de circulation, si bien que les 
variations de presslon de la seconde partie sont 
plus Importantee que celles de la premiere partie. 

13. Procede selon le revendlcation 11 ou 12, 
caracterise en outre en ce qull comprend 

(a) la formation, dane la combinaison formant 
regenerateur (178, 189) de la premiere partie (150) 
et dans le regenerateur thermique (190) de le 
seconde pertle (161), de gradients thermiques 
pratlquement egaux ay ant des temperatures 
euperieures (T 1f T,) pratlquement egales et des 
temperatures inferieures Hi) pratlquement 
egales, le premier espace (163, 168) de cheque 
partie etant expose ft le temperature superieure, 
afin qu'un fonctionnement de compresseur ther- 
mique soit obtenu evec une meilleure reletion de 
phase. 

14. Procede selon la revendlcation 11 ou 12, 
caracterise en outre en ce qull comprend 

(e) dens le premiere partie (150) du trajet de 
circulation, la creation d'un gradient thermique 
pour la combinaison formant regenerateur (176, 
189) entre des temperatures superieure (Ti) 8t 
inferleure (T s ), le premier espace (163) etant 
expose ft le temperature Inferleure, et 

(b) dens Is second pertle (151) de I'apparell, le 
creation, dans le second regenerateur (190) (fun 
second gradient thermique dene lequel le premier 
espace (168) est expose ft une trolslftme tempera- 
ture (T$) qui est superieure ft la temperature 
superieure (TO de la premiftre partie, si blsn qu'un 
fonctionnement en refrigerateur de Vuilleumler 
ou en pompe ft cheleur est obtenu et permet dee 
separations gazeuses ft des temperatures basses. 
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15. Precede selon la revendicatlon 1 ou 2, 
caracterlse en outre en ce qu'il comprend 

(a) la miae en communication avec la combinai- 
son torment regenerates (238, 239) dans une 
partie Intermedial de combinaleon (253) com- 
prise entre la premiere et la aeconde extr6mit6 
oppos6e (249, 252) de la comblnaison formant 
r6g6n6rateur, afin que la premiere et la seconds 
partie (255, 256) de comblnaison solent p!ac6es 
entre la partie intermediate (253) et la premiere et 
la seconds extremtt* respectivement de la combl- 
naison formant rsgsn^rateur, et 

(b) Inversion cydique du sens de circulation au 
niveau de la partie intermediate de combinalson 
afin que le courant circulant dans la premiere et la 
seconds partis de comblnaison varie cydique- 
ment 

16. Procedd sslon la revendicatlon 15, caracte- 
ris6 en outre en ce qu'il comprend 

(a) le maintlen dea Inversions cycllques de 
circulation dans la partie intermediate (253) de 
comblnaison en phase avec les inversions cycll- 
ques de circulation par rapport ft la premier 
extremity (249) de la comblnaison formant rege- 
nerates (238, 239), et 

(b) I'inverslon cydique des sens de drculatlon, 
dans Is partie intermediate (253), afin qu'une 
plus grands quantity de gaz drcule dans la 
seconde partie de comblnaison (256) que dans le 
premiere (255), si bien que I'ecoulement de la 
chaleur dans la partie Intermediate et dans la 
premiere et la seconde partie de comblnaison 
permet un gain resultant ou une perte resultants 
de chaleur dans la partie intermediate. 

17. Proceed selon le revendicatlon 16, caracte- 
rlse sn ce qu'II compotte en outre 

(a) la coordination de Ka relation de phase entre 
les inversions cycllques de drculatlon afin que 
des deplacements cydique* d'un volume de gaz a 
proximity de la premiere extremrte (249) de la 
comblnaison formant r6g6nerateur (238, 239) pre- 
aentent un angle de phase de d6placement en 
a vanes par rapport aux defacements cycllques 
d'un volume ds gaz pres de la seconde extrernlti 
de la comblnaison formant regenerates, et 

(b) la disposition d'une isolation (259) pres de la 
partie intermediate (253) et des conduits assodes 
(231) afin que la temperature ft proximM de la 
partie intermediate et aux conduits associes soit 
inferieure aux temperatures aux deux extremltes 
(293, 252) de la combinalson formant regenera- 
tes. 

18. Procsde selon la revendicatlon 1 ou 2, 
caracteHse en outre en oe qu'il comprend 

(a) Texecution d'une reaction chimique dans 
une zone reactionneile, le melange de gaz com- 
prenant au moina un reactif et au molns un 
produft ds la reaction, Tun d'eux 6tent adsorb©* 
preferentieliement sur le metiere adsorbante, 

(b) la s6paration du reactif et du produit par 
pompaga parametrique aur la metiere adsorbante 
afin que la reaction soit deptacee vers une conver- 
sion eievee, tt 

(c) le transport ds chaleur, per rapport a la zone 
reactionneile, afin que le temperature de cette 



zone reactionneile soit maltrisee. 

19. Precede sslon la revendicatlon 1 ou 2, 
ceracterise en outre en ce qu'il comprend 

(a) I'execution d'une reaction chimique dans 
6 une zone reactionneile, le melange de gaz com- 

prenant au molns un reactif de la reaction, au 
molns un produit voulu d'un reaction chimique 
voulue, et au molns un produit indesirable d'une 
reaction secondate, Tun des produits etant 
70 adsorb* preferentieliement sur la metiere adsor- 
bante, 

(b) le transport, per pompage parametrique, du 
produit voulu ft distance de la zone reactionneile 
afin que le maintien hors d'equiilbre voulu de la 

ib reaction soit fadlftd et fadlite I'obtention d'un 
rendement 6leve de conversion en produtte 
voulu, et 

(c) le piegeage, par pompage parametrique, du 
produit Indesirable present dana la zone reaction- 

20 nelle afin que le retardement de la reaction 
indesirable ft proximite de I'equilibre soit faciifte 
et que la transformation en produit indesirable 
soit reduite. 

20. Procede sslon la revendicatlon 18 ou 19, 
28 caract6rise en outre en ce qu'il comprend 

(a) la disposition d'un catalyaeur (308) dans la 
zone reactionneile (274) afin que le vitesse de la 
reaction aoit accrue. 

21. Precede sslon la revendicatlon 18 ou 19, 
jo caracterlse en outre en ce que 

(a) la reaction chimique est exothermique et 
d6gage de la chaleur de reaction, 

(b) la zone reactionneile est placee pres du 
premier espace (274) afin que le chaleur de 

98 reaction s'ajoute & la chaleur presente dans le 
premier espace et fadlite le fonctionnement en 
moteur thermique. 

22. Precede selon la revendicatlon 18 ou 19, 
caracterlse en outre en ce que 

40 (a) le reaction chimique est endothermlque et 
adsorbe de la chaleur de reaction, et 

(b) la zone reactionneile est places pres du 
second espace (275) afin que la chaleur neces- 
saire a la reaction soit transports* ft partir du 

48 premier espace. 

23. Precede selon la revendicatlon 18 ou 18, 
caracterlse en outre en ce qu'II comprend 

(a) la liquefaction cfau molns un produit de le 
reaction dans un espace refroidisseur (277) de 
eo I'epperell afin que le separation du produt soit 
fadlltee. 

24. Precede selon le revendicatlon 1 ou 2, 
caracterlse en outre par 

(a) le transfert de chaleur entre des parties de le 
88 comblnaison formant regenerates (27, 34; 119, 
120; 282, 283) et le courant de gaz vera le 
diaposrtif dT entree (37, 126,290) ou ledlsposWf de 
sortie (48, 125). 

25. Appareil (10, 102, 148, 201, 266) de aepara- 
80 tion de constituents d'un melange contenant un 

premier constituent qui est adsorbe plus facile- 
ment et un second constituent qui est molns 
fadlement adsorbe par une matlere adsorbante 
(34, 120, 189, 239, 283), I'apparell comprenant un 
88 corps ayant un volume interne de travail qui 
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comporte un premier espace (20, 111, 163, 225, 
274) et un second espace (15, 19; 113; 165; 215, 
227; 275, 277), un trajet de circulation reliant le 
premier espace au second, et un lit adsorbent 
contenant la matiftre adsorbents qui est place 
dans le trajet de circulation entre lead Its espaces, 
un dispositif d'entr6e (37, 126, 181, 243, 290) 
destine ft admettre un melange de gaz dans le 
volume de travail, et une dispositif de sortie (45, 
48; 125, 138; 183; 187; 247, 248; 284, 285) des- 
tine ft evacuer du gaz de la proximlt6 des extre- 
mes opposSea (41, 42; 118, 133; 174, 180; 255, 
256; 273, 276) du lit adsorbent, un dispositif (13, 
11; 106; 155, 156; 208, 212; 269, 272) de dlplace- 
ment volumique associe au premier et second 
espace, un dispositif (35, 110, 162, 221, 281) de 
depiacement alternatif cooperant avec le disposi- 
tif de depiacement en volume afln qu'ii cr6e des 
variations cycliques de le pression totals et des 
inversions cycliques du sens de circulation du 
gaz, le dispositif de depiacement alternatif deter- 
minant la relation de phase entre les variations 
cycliques de pression dsns le gaz et les sens de 
circulation du gaz sur le lit adsorbent, si bien que 
le courant ft pression rftduite circulant sur le lit 
adsorbant vers le premier espace est enrichi en 
premier constituent le plus fecilement adsorb* 
alore que le courant en sens Inverse ft pression 
acccue le long du lit adsorbant vers I'espace 
oppo86 est appauvri en premier constituent plus 
facllement adsorb*, rappareil font caract6ris6 
en outre en ce qu'll comprend 

(a) un r6g6n6rateur thermlque (27, 119, 175, 
238, 282) cooperant avec le lit adsorbent et des- 
tini ft cr6er uns comblnaison formant adsorbant- 
regenerates (27, 34; 119, 120; 175, 189; 238, 
239; 282, 283) piece dans le trajet de circulation 
entre les espaces afin qull re$oive le courant qui 
circule le long du trajet de circulation, 

(b) un dispositif destini ft malntenir le premier 
et le second espace ft des temperatures dfffft- 
rentes (T t , T a ) afin que la comblnaison formant 
rtgftnftrateur solt exposes ft un gradient therml- 
que et que le courant de gaz solt sou mis ft dee 
inversions cycliques de temperature avec les 
inversions cycliques de pression et de sens de 
circulation, si bien que la separation du melange 
gazeuux en une premiftre fraction gazeuse enri- 
chie en premier constituent et une seconde frac- 
tion gazeuse enrichie en second constituent est 
facilitfte, et 

(c) le dispositif de dftplacement alternatif (35, 
110, 162, 221, 281) cooptrant avec le premier et 
le second dispositif de dSplacement volumique 
afin que les dlspositifs de defacement se dftpla- 
cent en translation ft la mftme frequence, et que 
le volume de gaz dftplacft par la premier disposi- 
tif de defacement volumique soft en evance par 
rapport au volume de gaz dftplacft par le second 
dispositif ds depiacement volumique d'un angle 
de phase comprls entre 0 et 18(T. 

26. Apparell (10, 102, 148, 201, 266) qui res- 
semble ft une machine ft cycle modifid de Stir- 
ling, I'apparail comprenant un corps ayant un 
volume interne de travail qui comporte un pre- 



mier espece (20, 111, 163, 225, 274) et un second 
espace (15, 19; 113; 165; 216, 227; 275, 277), un 
trajet de circulation de gaz reliant le premier et le 
second espaces, un regenerates thermlque (27, 

s 119, 175, 238, 282) place dans le trajet de circula- 
tion entre le premier et le second espaces le 
premier et le second espace etant ft des tempera- 
tures dlfferentes (T„ T t ) afin que le r6g6nerateur 
soft expose ft un gradient thermlque, un premier 

10 dispositif (13, 106, 155, 208, 269) et un second 
dispositif (11, 106, 166, 212, 272) de defacement 
volumique communiquant avec le premier et le 
second espaces respectivement, des dlspositifs 
de defacement alternatif (35, 110, 162, 221, 281) 

16 cooperant avec le premier et le second dlsposi- 
tifs de depiacement volumique afin que le pre- 
mier et le second dlspositifs de defacement 
volumique se dftplacent en translation ft la mftme 
frequence et cr6ent des variations cycliques de la 

20 pression totals et du sens de circulation du gaz, 
des dlspositifs de depiacement en translation 
determinant un angle de phase entre les varia- 
tions cycliques de la pression dans le gaz et les 
sens de circulation du gaz sur le regenerates, 

25 I'appareil etant caract6rise par 

(a) un lit adsorbant contenant une matiftre 
adsorbante (34, 120, 189, 239, 283) cooperant 
avec le r6gen6rateur thermlque pour la creation 
d'une comblnaison formant adsorbant-regftnftra- 

30 teur (27, 34; 119, 120; 175, 189; 238, 239; 282, 
283) placee entre les premier et second espaces, 

(b) le gaz etant un melange de gaz contenant 
un premier constituent qui eat plus facllement 
adsorbe et un second constituent qui est moins 

36 facllement adsorbe par la matiftre adsorbante, 

(c) un dispositif d'entrfte (37, 126, 181, 243, 
290) destine ft admettre le melange de gaz dans 
le volume de travail, et un dispositif de sortie (45, 
48; 125, 138; 183, 187; 247, 248; 284, 285) des- 

40 tine ft evacuer des fractions gazeuaes dea extrft- 
mitfts opposta* de la comblnaison formant rege- 
nerates, 

(d) le dispositif de depiacement alternatif sou- 
msttant le courant de gaz ft des inversions cycii- 

46 ques de pression et de sens afin qu'un courant ft 
pression rftdulte d'une premiftre fraction gazeuse 
circulant sur ta comblnaison formant regenera- 
tes vera le premier espace solt enrichi en pre- 
mier constituent plus facllement adsorbe et soft 

60 evacue par un dispositif de sortie, qu'un courant 
ft pression accrue de ia seconde fraction gazeuse 
circulant sur la comblnaison formant regenera- 
tes vers I'espace restant solt appauvri en pre- 
mier constituent plus facllement adsorbe, et que 

66 la seconde fraction de gazeuse soit retiree par un 
autre dispositif de sortie, et 

(e) les dlspositifs de depiacement en transla- 
tion (35, 110, 162, 221, 281) cooperant avec le 
premier et le second dlspositifs de depiacement 

oo volumique afin que les dlspositifs de deface- 
ment se def scent en translation ft la mftme 
frequence et que le volume de gez deface par le 
premier dispositif de depiacement volumique 
solt en avance par rapport au volume de gaz 

66 deface par le second dispositif de defacement 
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volumique cTun angle de phase comprise entre 0 
et 180*. 

27. Appareil salon la revendlcation 25 ou 26, 
caracteriee en outre en oe que les dispositifs de 
dlplacement volumique comprenant le premier S 
dispositff (13, 106, 155, 208, 269) at le second 
dispositif (11, 106, 156, 212, 272) de defacement 

en volume communtquent avec le premier et le 
second espacea respectivement 

28. Appareil selon la revendlcation 25, 26 ou 27, 10 
caractdrlsd en outre par 

(a) un dlspositlf de commando (57, 140) destine 
a coop6rer avec une soupape de sortie (43, 46; 
123; 129; 139; 184, 188; 250, 251) afin que la 
seconds fraction gazeuse appauvrie en consti- is 
tuant le plus facilement adsorb* solt extraite de la 
proximity du premier espace k un moment ou la 
presslon est approxlmativement maxlmale dans 
le cycle, et que la premiere fraction gazeuse 
enrichie en constituent le plus facilement adsorb* 20 
soit extraite de la proximite du second espace 
loreque la presslon est approximativement mini* 
mate pendant le cyde. 

29. Appareil selon I'une des revendications 25 k 

28, caract6ris6 en outre par 2S 

(a) des echangeura de chaleur auxiliaires (50, 
121, 296) place* dans la combinalson forma nt 
r6gen6rateur (27, 34; 119, 120; 282, 283) et des- 
tine* k transferer de la chaleur entre des parties 
de la combinalson formant r6g6n6rateur et du so 
courant de gaz, vers le dispositif d'entrse ou le 
dlspositlf de sortie. 

30. Appareil selon Tune quelconque des reven- 
dications 25 b 29, caracte>is6 en outre en ce que 

(a) lea dispositifs de defacement en translation ss 
(35) cooperent avec les dispositifs de defece- 
ment volumique (11, 13) afin que de la chaleur 

solt pomp6e du premier espace (20) au second 
espace (15, 19), et 

(b) un dispositif d'lsolation thermique (60) coo- *o 
pare avec le premier espace afin qull permette 

une reduction de ia temperature du premier 
espace et permette ainsi la separation du gaz k 
une temperature reduite. 

31. Appareil selon I'une quelconque des raven- 4S 
dications 25 k 30, caract6rise en outre par 

(a) un dispositif destine k maintenir la tempera- 
ture (Ti) du premier espace (20, 225, 274) k une 
valeur superieura k la temperature (T 8 ) du second 
espace (15, 19; 215, 227; 275, 277), et so 

(b) un dispositif de conversion de travail (11, 
212, 272) destine k cooperer avec le premier et le 
second espaces afin qull transforms partlelle- 
ment la chaleur k la temperature relativement 
eievee en travail mecanlque ou en compression ss 
de maniera que I'eppareil fonctionne eussl en 
motsur. 

32. Appareil selon la revendlcation 26, caract*- 
rise en outre en ce que 

(e) les dispositifs de defacement volumique so 
sont des dispositifs k double effet (106, 155), si 
bien que Tangle de phase des premier et des 
second defacements volumlques est de 180*, 

(b) un cylindre de defacement (104, 153) coo- 
pers avec les extremites opposees (118, 133; 174, ss 



180) de la combinalson formant r6gen6rateur et 
avec le dispositif de d6p1acement k double effet, 
si bien que le dispositif de defacement k double 
effet separe le premier espace (111, 163) du 
second espace (113, 165), et 

(c) la temperature (TO du premier espace (111, 
163) est superieure a ia temperature (Tt) du 
second espace (113, 165) afin que I'epparell fono 
tionne en compreaseur thermique. 

33. Appareil selon la revendlcation 32, caractsV 
rise en ce que 

(a) te gradient thermique de la combinalson 
formant r6g6nerateur (176, 189) est determine par 
une premlire temperature (T,) at une seconde 
temperature (T t ) associees au premier espace 
(163) et au second espace (165) respectivement, la 
combinalson formant regenerates et le cylindre 
de d6placement constituent une premiere parte 
(150) du trajet de circulation, 

<b) une seconde parte (151) du trajet de circula- 
tion a un second dispositif de d6placement * 
double effet (156) et un second cylindre de defa- 
cement (154), le second dispositif de defacement 
k double effet etant mobile en translation dans le 
second cylindre de defacement, 

(c) un second n§g6nerateur thermique (190) 
coop*re avec lea extremites opposees du second 
cylindre de defacement et est expose k un 
second gradient thermique deiimtte par la 
seconde temperature (T t ) et une troisieme tempe- 
rature <T»), la troisieme temperature etant prati- 
quement 6gale a la premiere temperature, et 

(d) un dispositif a conduits (172) reliant la 
premiere et la seconde partes (150, 151) du trajet 
de circulation, et le premier et le second disposi- 
tifs de defacement k double effet cooperent avec 
les dispositifs de defacement en translation afin 
quilt travaillent avec un angle de phase qui 
coordonne les variations cydlques de presslon et 
les inversions de sens du courant de gaz le long 
de la combinalson formant nSgenerateur afin que 
la separation des constituents solt facilite*. 

34. Appareil selon la revendlcation 32, caracte- 
riae en outre en ce que 

(a) le gradient thermique de la combinalson 
formant nSgenerateur est determine p8r une pre- 
miere temperature (T,) et une seconde tempera- 
ture (Tt) associees au premier espace (163) et au 
second espace (165) respectivement, la seconde 
temperature etant proche de la temperature 
ambiante, 

(b) une seconde parte (161) du trajet de circula- 
tion a un second dispositif de defacement i 
double effet (156) et un second cylindre de defa- 
cement (154), le second dispositif de defacement 
k double effet pouvant se deplecer en translation 
dans le second cylindre de deplacement, 

(c) un second nSgenerateur thermique (190) 
communique avec tea extremites opposees du 
second cylindre de deplacement et est expose i 
un second gradient thermique deilmite par la 
seconde temperature (T t ) et une troisieme tempe- 
rature (T 9 ) qui est superieure k la temperature 
ambiante, et 

(d) un dispositif destine i transmettra de la 
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chaleur (195) ft I'apparell ft la trofsi&me tempera- 
ture afin que lea diaposftifa de deplacement volu- 
mlque et lea disposltifs de deplacement en transle- 
tlon solent entratnte d'une matlftre telle que dee 
fonctions de separation de gaz et de refrigeration ff 
aoient obtenuea aimultanement 

35. Apparell aelon la revendlcation 33 ou 34, 
carect6rise en outre en ce que 

(a) le second disposltif de deplacement ft double 
effet (165) a une deplacement sup6rieur ft celul du to 
premier diapoaitif de deplacement ft double effet 
(155) afin quit predomine pour la determination 
des variations de debit de gaz et de pression dana 
le volume de travail. 

36. Appareil selon Tune quelconque dea reven- is 
dicationa 25 ft 35, caracterise en outre en ce que 

(a) la combinaison formant adsorba nt-r6g6nera- 
teur (238, 239) a une partie Intermedieire de 
combinaison (253) placee entre une premiere 
extremite (249) et une aeconde extremite (256) 30 
oppoaee de la combinaison formant regenerates 

afin que la premidre partie (255) et la aeconde 
partie (256) de combinaison aoient placees entre la 
partie intermediaire de combination et la premiere 
ou la aeconde extremite de la combinaison for- 25 
mant regenerates respectivement, et 

(b) le volume de travail a un trolsieme espace 
(229) qui communique avec la partie intermediaire 
par un conduit intermediaire (231), et lea disposi- 

ttfs de deplacement volumique (208) coop6rerit 30 
avec le trolslime espace afin qu'lls provoquent 
des Inversions cycliquea de sent de circulation du 
gaz entre le trofsiftme espace et la partie interme- 
diaire. 

37. Appareil aelon le revendlcation 36, caracte- 38 
rise en outre en ce que, 

(a) lea dlsposhifs de deplacement en translation 
(221) coopftrent avec (es diaposittfa de deplace- 
ment volumique (208) afin qu'ils maintiennent lea 
inversions cycliques de circulation entre le trol- 40 
sieme espace (229) et la partie Intermediaire (253) 

de la combinaison en phase avec les inversions 
cycliques du courant forme entre le premier 
espace (225) et la premiere partie (255) de combi- 
naison, et 43 

(b) lea disposltifs de deplacement en volume 
(208) coo parent avec le premier espace (227), le 
second espace (215) et le trolsieme espace (229) 
afin que le debit de gaz dana la aeconde partie de 
combinaison (256) aoit auperieur au debit dans la 60 
premiere partie de combinataon. 

38. Appareil aelon la revendlcation 37, caracte* 
rise en outre en ce que 

(a) les dlsposhifs de deplacement en translation 
(221) coopftrent avec les disposftifs de deplace- bs 
merit volumique (208) afin que les d6placements 
cycliques de volume de gaz ft proximite de la 
premiere extremite (249) de la combinataon for- 
mant rfgenerateur (238, 239) aient un angle de 
phase de deplacement en avance par rapport aux so 
deplacementa cycliques de volume de gaz ft 
proximite de la seconde extremite (252) de la 
combinaison formant regenerates, et 

(b) un disposltif d'isolatlon (255) est adjacent ft la 
partie intermediaire (253) et au conduit interme- os 



diaire (231) afin que la temperature ft proximite de 
la partie intermediaire et du conduit intermediaire 
aoit abaissee par rapport ft la temperature aux 
deux extremftea de la combinaison formant rege- 
nerates. 

39. Appareil aelon Tune quelconque des reven- 
dicationa 25 ft 38, caracterise en outre en ce que 

(a) un diapoaitif eat destine ft assurer une 
reaction chimique dana une zone reactlonnelle 
(274) du volume de travail, le melange de gaz 
comprenant au molns un reactif et au moina un 
produit de la reaction chimique, et 

(b) la combinaison formant regenerates (282, 
283) est destines ft adsorber I'un au moina dea 
produha afin qu'elle aepare au molns une partie du 
produit du melange de gaa et mette la reaction 
hors d'equilibre et donne une conversion eievee. 

40. Appareil aelon la revendlcation 39, caracte- 
rise en outre par 

(a) un catalyses (308) place dans la zone 
r6actionnelle (274) afin que la Vitesse de reaction 
soit accrue. 

41. Apparell aelon la revendlcation 39, caracte- 
rise en outre en ce que 

(a) la reaction chimique est exothermique, et 

(b) la zone reactlonnelle est places prte du 
premier espace (274) du volume de travail afin que 
de la chaleur soit foumie au premier espace, si 
bfen qu'une partie de la chaleur de reaction est 
transformee an energle m6canique. 

42. Apparell selon la revendlcation 39, caracte- 
rise en outre en ce que 

(a) la reaction chimique est endothermlque, et 

(b) la reaction est localises dans le second 
espace (275) afin que la chaleur n6cesaaire ft la 
reaction soit transpose dapuia le premier espace 
vers le second espace par une action de pompe I 
chaleur. 

43. Apparell aelon la revendlcation 39, caracte- 
rise en outre par 

(a) un disposltif condensates (302) cooperant 
avec le second espace (275) de I'apparell afin 
qu'un produit au moins de le reaction soft 1lqu6M f 
si bien que la separation du produit eat fadlltee. 

44 Appareil selon Tune quelconque des reven- 
dicationa 25 ft 43, caracterise en outre en ce que 

(a) lea disposltifs de deplacement volumique 
comprennent un premier diapoaitif (13, 106, 156, 
208, 269) et un second disposltif (1 1, 106, 156, 212, 
272) de deplacement en volume qui sont destines 
ft se deplacer en tranaiation ft la mime frequence 
et avec dea amplitudes respective* de deplace- 
ment altematif telles que t'engle de phase de 
deplacement eat cfenviron 90", le premier et le 
second disposltifs de deplacement communi- 
quant avec le premier et le second espsces 
respectivement, et 

(b) le rapport des amplitudes dea deplacementa 
du premier et du aecond disposltifs de deplace- 
ment est approximatlvement egal au rapport de la 
temperature la plua eievee ft la temperature la 
moina eievee deadits espaces, exprim6ea en kel- 
vins. 

45. Appareil aelon I'une quelconque des reven- 
dicationa 25 ft 44, caracterise en outre en ce que 
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(a) la comblnalaon formant r*gtn6rateur a una 120* 189, 239, 283) qui eat aolidalre du r*Q6ntra- 

chambra contanant la mati*ra adaorbanta (34, taut thermlqua (27, 119, 175, 238, 282). 
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FIG. 5 
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FIG. 7 
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